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Abstract: 

Structural health monitoring (SHM) has become increasingly important with regard to 
ageing aircraft, required enhanced performance and the need to reduce aircraft 
operational cost. Affordable advanced miniaturized sensors and continuous 
improvement in data processing technology combined with powerful software 
algorithms has allowed non-destructive testing (NDT) to become an integral part of 
structural materials and has thus given structures a self-sensing functionality. This 
paper describes where to integrate SHM into the aircraft design process and how to 
validate the established loads monitoring process in comparison to an emerging 
damage monitoring solution, before more precisely describing a technology selection 
regarding damage monitoring. Acousto-ultrasonics is a technique being especially 
emphasized. Results from laboratory experiments will be shown and commented and a 
perspective of future trends will be given. 
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File 348.EUROPEAN PATENTS 1978-2007 
File 349:PCT FULLTEXT 1979-2007 

Set Items Description 

5 1 14077 AEROELASTIC? OR AERODYNAMIC? OR AERO() ELASTIC? OR AERO()- 

DYNAMIC? 
Limitall/sl 
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5 1 0 38 IC=( G06F-0 1 5? OR G06F-0 1 9? ) 

511 230 SI AND S5 AND S6 AND S9 

512 12 SI (50N) S5 AND S6 AND S9 

514 12 SI AND S5 AND S10 

515 24 S12 0RS14 

516 19 S15 AND PY=1 963:2004 
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5 1 8 19 IDPAT (primary/non-duplicate records only) 



Page 2-79 



10825032 



1 8/3,K/2 (Item 2 from file: 348) 
DIALOG(R)File 348 EUROPEAN PATENTS 
(c) 2007 European Patent Office. All rts. reserv. 

01402725 

An automized blade shape designing method 
PATENT ASSIGNEE: 

HONDA GIKEN KOGYO KABUSHIKI KAISHA, (2060610), 1-1, Minami-Aoyama 2-chome 
, Minato-ku Tokyo, (JP), (Applicant designated States: all) 
INVENTOR: 

Yamaguchi Yoshihiro c/o KK.Honda Gijutsu Kenkyusho, 4-1, Chuo 1-chome 
Wako-shi, Saitama, (JP) 
Arima Toshiyuki c/o K.K. Honda Gijutsu Kenkyusho, 4-1, Chuo 1-chome 
Wako-shi, Saitama, (JP) 
LEGAL REPRESENTATIVE: 
Rupp, Christian, Dipl.Phys. et al (88331), Mitscherlich & Partner Patent- 
und Rechtsanwalte Sonnenstrasse 33, 8033 1 Munchen, (DE) 
PATENT (CC, No, Kind, Date): EP 1186747 A2 020313 (Basic) 
APPLICATION (CC, No, Date): EP 2001 120075 010821; 
PRIORITY (CC, No, Date): JP 2000268316 000905 

DESIGNATED STATES: AT; BE; CH; CY; DE; DK; ES; FI; FR; GB; GR; IE; IT; LI; 
LU; MC;NL; PT; SE;TR 
EXTENDED DESIGNATED STATES: AL; LT; LV; MK; RO; SI 
INTERNATIONAL PATENT CLASS (V7): F01D-005/14 

...SPECIFICATION has such a disadvantage that it is not coincident with 
non-linearity and discontinuity of aerodynamic evaluation occurring in 
a change of profile and therefore it has less flexibility to various... 

...gradient based methods have been giving way to statistic methods using 
evolutionary algorithms (EAs) and artificial neural networks (ANNs) 
which are easily adjustable to the non-linearity and have a flexibility 
for various. ..selected as the objective functions to be optimized, is 
adopted. Of course, besides the above parameters , it is possible to 
add , for example, the maximum slope of blade surface Mach number (or 
pressure) distribution, L/D...the stagger angle (gamma) to the trailing 
edge metal angel (beta)2 as variables and fix the radius of leading 
edge circle rl to the solidity (sigma) as constants. According to... 



18/3,K/13 (Item 13 from file: 349) 
DIALOG(R)File 349:PCT FULLTEXT 
(c) 2007 WIPO/Thomson. All rts. reserv. 

0050161 1 **Image available** 

AIR DATA SENSOR APPARATUS AND METHOD 

Patent Applicant/ Assignee: 
ACCURATE AUTOMATION CORPORATION, 
PAP Robert Michael, 
COX Chadwick James, 
LEWIS Carl Edwin III, 
DONOVAN David John, 
CARLTON Lindley A, 
ROBINSON Timothy Wayne, 
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KOQHER Melvin P, 

FRISCH Joseph Clifford, 
> PLATT John Carlton, 

DAVIS Joel L, 
Inventor(s): 

PAP Robert Michael, 

COX Chadwick James, 

LEWIS Carl Edwin III, 

DONOVAN David John, 

CARLTON Lindley A, 

ROBINSON Timothy Wayne, 

KOCHER Melvin P, 

FRISCH Joseph Clifford, 

PLATT John Carlton, 

DAVIS Joel L, 
Patent and Priority Information (Country, Number, Date): 

Patent: WO 9932963 Al 19990701 

Application: WO 98US27089 19981218 (PCT/WO US9827089) 
Priority Application: US 97995511 19971222 



English Abstract 
...the aircraft surface (3) in proximity to the conformal member to 
preserve the aircraft's aerodynamic shape. The associator (6) is 
coupled to the sensor (2) to receive the sensor signal... 

...air pressure. Preferably, the associator (6) is implemented as a 
learning system such as a neural network , that can be trained to 
generate accurate air data based on the sensor signal. The... 

Publication Year: 1999 

Detailed Description 

... if the aircraft were damaged in flight, for example. 

The learning system can be a neural network coupled to receive the 
signal from the sensor. The learning system functions to map the.. .cover 
substantially preserves the shape of the exterior surface of the aircraft 
and thus maintains aerodynamic integrity. 

The invented apparatus can include an interface unit coupled between the 
sensor and the... 

...the corresponding air data signal can be derived by a learning system 
such as a neural network trained either in Right or in wind tunnel 
testing, for example. The method can also.. .that is shaped to conform to 
the aircraft's exterior surface so that it is aerodvnamicallv integral 
with the aircraft surface in which it is installed. As such, the sensor 
adds... 

...generated by the apparatus. 

The associator can include a learning system 7 such as a neural 
network , that is trained 

5 

with the mapping of the sensor signal to the air data., .the associator to 
train the learning system. If the learning system is implemented as a 
neural network, the weights of the neural network are adjusted 
preferably through back propagation or other technique using training 
sets mapping the sensor signals to the air data signals. The preferred 
neural network configuration is the well-known multilayer perceptron, 
and one or two hidden layers are generally... an air data signal based on 
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The associator can include a neural network processor such as the 
NNPe commercially available from Accurate AutomationTM Corporation of 
Chattanooga, Tennessee. The NNP is preprogrammed to implement a neural 
' network , preferably a multilayer perceptron with one or two hidden 
layers and sufficient input nodes to... 

...from all sensors included in the apparatus. The NNP uses the mapping 
programmed in its neural network to generate an air data signal based 
on the air pressure signal. The neural network processor, or more 
generally, the associator, is coupled to supply the air data signal to... 
is well-known in the art, by minimizing the function. 

...from the input layer, through the hidden layers, to the output node(s) 
of the neural network implemented in the processor 7, to generate the 
air data signal. The specific neural network implemented in the 
neural network processor, preferred to be a ...known to exist in the 
wind tunnel. The training sets are used to train the neural network 
implemented in the processor 7 to accomplish the desired mapping of 
20 

the air pressure... 

35 An apparatus as claimed in claim I 1, wherein the associator includes 
a neural 

network processor, the apparatus further characterized by: 
an interface unit coupled between the sensor and the... 

...pressure signal, and supplying the sens' A 
ed 

pressure signal as an input to a neural network implemented in the 
neural network processor, and receiving the air data signal generated 
by the neural network processor based on the supplied air pressure 
signal, and the interface unit outputting the received... 
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Second approach 

Set Items Description 

SI 151582 NEURAL()(NET? ? OR NETWORK? ?) OR ARTIFICIAL() INTELLIGENCE 
OR AI OR ANN OR (ARTIFICIAL () NEURAL () NETWORK?) 

S3 224398 AEROSPACE? OR AIRCRAFT? OR AIRPLANE? OR AEROPLANE? OR AIRL- 
INER? OR CHOPPER? OR HELICOPTER? OR JET? 

S? 588484 REPAIR??? OR ALTERATION? ? OR BROKEN OR BREAK??? OR MALFU- 
NCTION? OR CERTIFICATION? 

S9 36 S1(50N)S3(50N)S7 

S10 29 S9ANDPY=1963:2004 

SI 1 29 IDPAT (sorted in duplicate/non-duplicate order) 

S 1 2 28 IDPAT (primary/non-duplicate records only) 

SI 3 28 S12ANDPY=1963:2004 

13/3,K/9 (Item 2 from file: 349) 
DIALOG(R)File 349:PCT FULLTEXT 
(c) 2007 WIPO/Thomson. All its. reserv. 

01051470 **Image available** 

METHOD AND APPARATUS FOR TACTILE CUEING OF AIRCRAFT CONTROLS 
Patent Applicant/Assignee: 
BELL HELICOPTER TEXTRON INC, P.O. Box 482, Fort Worth, TX 76101, US, US 
(Residence), US (Nationality), (For all designated states except: US) 
Patent Applicant/Inventor: 
AUGUSTIN Michael J, 6205 Glengarry Court, Fort Worth, TX 76180, US, US 

(Residence), US (Nationality), (Designated only for: US) 
BERTAPELLE Allen L, 5412 Two Jacks Court, Arlington, TX 76017, US, US 

(Residence), US (Nationality), (Designated only for: US) 
DREIER Mark E, 1803 Coventry Court, Arlington, TX 76017, US, US 

(Residence), US (Nationality), (Designated only for: US) 
LINTON Bradley D, 690 Newt Patterson Road, Mansfield, TX 76063, US, US 

(Residence), US (Nationality), (Designated only for: US) 
MCKEOWN William L, 1401 Woodridge Circle, Euless, TX 76040, US, US 

(Residence), US (Nationality), (Designated only for: US) 
YEARY Robert D, 1503 Naches Drive, Arlington, TX 76014, US, US 
(Residence), US (Nationality), (Designated only for: US) 
Legal Representative: 
WALTON James E (et al) (agent), Hill & Hunn, LLP, Suite 1440, 201 Main 
Street, Fort Worth, TX 76102, US, 
Patent and Priority Information (Country, Number, Date): 
Patent: WO 200381554 Al 20031002 (WO 0381554) 

Application: WO 2003US8998 20030321 (PCT/WO US0308998) 
Priority Application: US 2002367059 20020321; US 2002385164 20020531 

Patent and Priority Information (Country, Number, Date): 

Patent: ...20031002 
Fulltext Availability: 

Detailed Description 
Publication Year: 2003 



Detailed Description 

... HUMS applications. This means that the addition of tactile cueing 
system 1 1 on an aircraft already equipped with HUMS can be achieved at 
minimum additional cost. 



Referring now to Figure 5 in the drawings, a table of flight data 
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parameters is illustrated. Three separate polynomial neural networks 
(PNN) predict the torque simultaneously. These predictions are compared 
to the current torque, and a algebraic expressions suitable for meeting 
software certification requirements. Each PNN uses an independent set 
of flight data parameters from aircraft 10. The parameters are 
preferably grouped into the following categories: airframe, engine and 
pilot. The... 



13/3JK/14 (Item 7 from file: 349) 
DIALOG(R)File 349:PCT FULLTEXT 
(c) 2007 WIPO/Thomson. All rts. reserv. 

00816701 **Image available** 

A METHOD AND SYSTEM FOR SORTING INCIDENT LOG DATA FROM A PLURALITY OF 

MACHINES 
Patent Applicant/Assignee: 
GENERAL ELECTRIC COMPANY, 1 River Road, Schenectady, NY 12345, US, US 

(Residence), US (Nationality) 
Inventor(s): 

FERA Gregory John, 5664 Rockledge Drive, Erie, PA 1651 1, US, 

MCQUOWN Christopher M, 3516 Dorninic Drive, Erie, PA 16506, US, 

REICHENBACH Bryan, 2838 Zimmerman Road, Erie, PA 16510, US, 

WISNIEWSKI Edward P, 613 Burkhart Avenue, Erie, PA 1651 1, US, 
Legal Representative: 

BENINATI John F (et al) (agent), General Electric Company, 3135 Easton 
Turnpike W3C, Fairfield, CT 0643 1 , US, 
Patent and Priority Information (Country, Number, Date): 

Patent: WO 200150210 Al 20010712 (WO 0150210) 

Application: WO 2000US34626 2000 1219 (PCT/WO US0034626) 

Priority Application: US 99173948 19991230; US 2000521328 20000309 

Patent and Priority Information (Country, Number, Date): 

Patent: ...20010712 
Fulltext Availability: 

Detailed Description 
Publication Year: HI! 

Detailed Description 

... such as a locomotive or other complex systems used in industrial 
processes, medical imaging, telecommunications, aerospace applications, 
power generation, etc., includes elaborate controls and sensors that 
generate faults when anomalous operating... 

...encountered. Typically, a field engineer will look at a fault log and 
determine whether a repair is necessary. 

Approaches like neural networks , decision trees, etc., have been 
employed to learn over input data to provide prediction, classification 



13/3.K/15 (Item 8 from fde: 349) 
DIALOG (R)File 349:PCT FULLTEXT 
(c) 2007 WIPO/Thomson. All rts. reserv. 
00811361 **Image available** 

METHOD OF VERIFYING P RETRAINED NEURAL NET MAPPING FOR USE IN 
SAFETY-CRITICAL SOFTWARE 



Patent Applicant/ Assignee: 
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SIMMONDS PRECISION PRODUCTS INC, 3 Coliseum Centre, 2550 WestTyvoIa 
Road, Charlotte, NC 28217, US, US (Residence), US (Nationality) 
* Inventor(s): 

ZAKRZEWKI Radoslaw Romuald, Apartment 18, 125 Kennedy Drive, South 

Burlington, VT 05403, US, 
Legal Representative: 
ZITELLI William E (et al) (agent), Calfee, Halter & Griswold LLP, 1400 

McDonald Investment Center, 800 Superior Avenue, Cleveland, OH 441 14, 

US, 

Patent and Priority Information (Country, Number, Date): 
Patent: WO 200144939 A2-A3 20010621 (WO 0144939) 

Application: WO 2000US33947 20001214 (PCT/WO US0033947) 
Priority Application: US 99465881 19991216 

(EP) AT BE CH CY DE DK ES FI FR GB GR IE IT LU MC NL PT SE TR 
Publication Language: English 
Filing Language: English 
Fulltext Word Count: 19827 

Patent and Priority Information (Country, Number, Date): 

Patent: ...2 00106 21 
Fulltext Availability: 

Detailed Description 
Publication Year: 2001 



Detailed Description 

... software of neural nets and look-up tables from the point of view of 
a certification process is that bounds for values of the neural net 
30 mapping function f(x... 

...appropriate set of testing points will be addressed. If these bounds 
35 can be determined, certification of a pre-trained neural net will be 
equivalent to certification of a look-up table, which is a 
wellunderstood problem. 

Verification of a Neural Net - Case of Look-Up Table Approximation 
In this section, verification of input-output properties of a 
neural net mapping function f(X), which has been trained to replace 
a look-up table mapping... 

...and y may be the fuel quantity of at 
least one fuel tank on an aircraft . The goal is to verify that the 
trained neural network mapping function indeed approximates the given 
15 look-up table in software operation. A procedure... 



13/3,K/16 (Item 9 from file: 349) 
DIALOG(R)File 349:PCT FULLTEXT 
(c) 2007 WIPOrrhomson. All rts. reserv 

00797891 **Image available** 

A METHOD AND SYSTEM FOR ESTIMATING TIME OF OCCURRENCE OF MACHINE-DISABLING 
FAILURES 

Patent Applicant/Assignee: 
GENERAL ELECTRIC COMPANY, Carl A. Rowald, Esquire, 2901 East Lake Road, 
Building 14-522, Erie, PA 16531, US, US (Residence), US (Nationality) 
Inventor(s): 

JAMMU Vinay Bhaskar, 50 C3 Hillcrest Village, Niskayuna, NY 12309, US, 
BLILEY Richard Gerald, 1020 Belleview Drive, Erie, PA 16504-2710, US, 
SCHNEIDER William Roy, 8990 Old Wattsburg Road, Erie, PA 16510, US, 
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Legal Representative: 

MORA Enrique J (agent), Holland & Knight LLP, P.O. Box 1526, Orlando, FL 
32802-1526, US, 
Patent and Priority Information (Country, Number, Date): 
Patent: WO 200131449 Al 20010503 (WO 0131449) 

Application: WO 2000US29322 2000 1024 (PCTAVO US0029322) 
Priority Application: US 99162047 19991028; US 2000491939 20000126 

Patent and Priority Information (Country, Number, Date): 

Patent: ...20010503 
Fulltext Availability: 

Detailed Description 
Publication Year: 2001 

Detailed Description 

... such as a locomotive or other complex systems used in industrial 
processes, medical imaging, telecommunications, aerospace applications, 
power generation, etc., includes elaborate controls and sensors that 
generate faults when anomalous operating... 

...encountered. Typically, a field engineer will look at a fault log and 
determine whether a repair is necessary. 

Approaches like neural networks , decision trees, etc., have been 
employed to learn over input data to provide prediction, classification 



13/3,K/17 (Item 10 from file: 349) 
DIALOG(R)File 349:PCT FULLTEXT 
(c) 2007 WIPOAThomson. All rts. reserv. 

00756212 

LASER DOPPLER VIBROMETER FOR REMOTE ASSESSMENT OF STRUCTURAL COMPONENTS 
Patent Applicant/ Assignee: 
GEORGIA TECH RESEARCH CORPORATION, Office of Technology Licensing, 400 
Tenth Street, Atlanta, GA 30332-0415, US, US (Residence), US 
(Nationality) 
Inventors): 

SPRINGER Paul LeBaron III, 2395 Christopher's Walk, Atlanta, GA 
30327-1110, US 

MAHAFFEY James E, 4437 Mount Paran Parkway, Atlanta, GA 30327, US 

HARLEY Ron, 803 Tanners Pointe Drive, Lawrenceville, GA 30044, US 
Legal Representative: 

HORSTEMEYER Scott A, Thomas, Kayden, Horstemeyer & Risley, L.L.P., Suite 
1750, 100 Galleria Parkway, Atlanta, GA 30339, US 
Patent and Priority Information (Country, Number, Date): 

Patent: WO 200068654 Al 20001116 (WO 0068654) 

Application: WO 2000US12871 2000051 1 (PCTAVO US0012871) 

Priority Application: US 99133588 19990511 

Patent and Priority Information (Country, Number, Date): 

Patent: ...20001116 
Fulltext Availability: 

Claims 
Publication Year: 2000 



Claim 

... vibration data set comprises 200 data points, where the 200 lh data 
point is the actual breaking strength of said structure. 
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36 The method of claim 26, wherein said artificial neural network is a 
• feed- forward 1 0 artificial neural network . ' )7. The method of claim 
26, wherein said artificial neural network is a self-organizing 
ma P artificial neural network . 

38 The method of claim 26, wherein said structure comprises a power pole 
cross-arm... 

...structure comprising: 
a vehicle, wherein said vehicle comprises a vibratory response measuring 
device; and a neural network . 

41 The system of claim. 40, wherein said vehicle comprises an aircraft . 

42 The system of claim 40, wherein said vehicle comprises an automobile. 
4' ). The system... 

...said data set comprises 200 data points, where 
the 200 lh data point is the actual breaking strength of said structure. 

53 The system of claim 40, wherein said artificial neural network is a 
feed-forward artificial neural network. 

54 The system of claim 40, wherein said artificial neural network 
is a self-organizing map artificial neural network . 



..in said structure and wherein said vehicle comprises a vibratory 
response measuring device; and 

a neural netw ork , wherein said neural network evaluates said 

vibratory 

excitation. 

56 The system of claim 55, wherein said vehicle comprises an aircraft . 

57 The system of claim 55, wherein said vehicle comprises an automobile. 

58 The system... 



13/3,K/21 (Item 14 from file: 349) 
DIALOG(R)File 349:PCT FULLTEXT 
(c) 2007 WIPO/Thomson. All its. reserv. 

00406184 **Image available** 

3-BRAIN ARCHITECTURE FOR AN INTELLIGENT DECISION AND CONTROL SYSTEM 

Patent Applicant/ Assignee: 

WERBOS Paul J, 
Inventor(s): 

WERBOS Paul J, 
Patent and Priority Information (Country, Number, Date): 

Patent: WO 9746929 A2 19971211 

Application: WO 97US9724 19970604 (PCTAVO US9709724) 
Priority Application: US 9619154 19960604 



Patent and Priority Information (Country, Number, Date): 
Patent: ...19971211 
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Fulltext Availability: 
Claims 
Publication Year: 1997 



Claim 

... are numerically inefficient (i.e. too slow) in their 
treatment of noise; and so on. Neural network implementations 
of ADP also permit the use of high-throughput ANN chips, which 
can make it more practical to use a highly complex and 
intelligent control design even within the limitations of an 
aircraft or spacecraft. 

Many analysts believe that NASA's most important mission, 
in the long-term, is to use research and development to break 
down the key barriers which support us from a true "space 
economy." (See Settling space... 
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Patent Abstract Files 

File 347JAPIO Dec 1976-2006 
File 350:Derwent WPIX 1963-2007 

Set Items Description 

51 18183 AEROELASTIC? OR AERODYNAMIC? OR AERO() ELASTIC? OR AERO()- 

DYNAMIC? 
Limitall/sl 

52 1 8 NEURAL()(NET? ? OR NETWORK? ?) OR ARTIFICIAL()INTELLIGENCE 
OR (VIRTUAL OR INTELLIGENT) (2N)(ROBOT? OR AGENT? ? OR SERVO? 
? OR BOT OR BOTS OR SYSTEM? ?) OR SOFTBOT? OR SOFT()(BOT OR B- 
OTS) 

53 13 AI OR SYMBOT? OR KNOWBOT? OR INFERENCE()ENGINE? ? OR ANN OR 
(ARTIFICIAL 0 NEURAL () NETWORK?) OR (PARALLEL () DISTRIBU- 
TED 0 PROCESSING 0 NETWORK?) 

54 1 EXPERT 0 SYSTEM? ? OR INTELLIGENT () RETRIEVAL OR KNOWLE- 
DGE 0 ENGINEERING OR MACHINE ()LEARNING 

55 31 S2:S4 

56 4339 REPAIR??? OR ALTERATION? ? OR ALTER??? OR MODIFY OR MODIF- 

ICATION OR MODIFIED OR CORRECT??? OR BROKEN OR BREAK??? OR FI- 
X??? OR WORN OR MEND??? OR MALFUNCTION? OR FAILU- 
RE? ? OR MISFUNCTION? OR LEAK??? OR SERVICING 
S? 1 74 (ENTER??? OR INPUT????? OR INSERT???? OR ADD??? OR SCAN???? 
OR READ???) (5N) (DEVICE? ? OR MODULE? ? OR PARAMETER? ?) 

58 1 SI AND S5 AND S6 AND S7 

59 88 MC=( T01-J15H OR T01-J16C1 OR T01-S03 OR W06-B08) OR IC=( 
G06F-015? OR G06F-019? ) 

S10 88 SI AND S9 

SH 11 S5ANDS10 

S12 12 S8 0RS11 

SB 6 S12ANDPY=1963:2004 

514 6 IDP AT (sorted in duplicate/non-duplicate order) 

515 6 IDP AT (primary/non-duplicate records only) 



15/3,K/1 (Item 1 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2007 The Thomson Corporation. All rts. reserv. 

0013624380 - Drawing available 
WPI ACC NO: 2003-719896 /200368 
XRPX Acc No: N2003-575456 

Computer implemented composite response surface construction method for 
design optimization of aircraft engine, involves performing parameter based 
partitioning of design space and using neural network to analyze 
parameters 

Patent Assignee: NASA US NAT AERO & SPACE ADMIN (USAS) 
Inventor: MADAVAN N K; RAI M M 
Patent Family (1 patents, 1 countries) 
Patent Application 

Number Kind Date Number Kind Date Update 

US 6606612 Bl 20030812 US 199896660 P 19980813 200368 B 

US 1998113310 P 19981222 

US 1999374491 A 19990813 

Priority Applications (no., kind, date): US 199896660 P 19980813; US 
1998113310 P 19981222; US 1999374491 A 19990813 



Page 12-79 



10825032 



Patent Details 

Number Kind Lan Pg Dwg Filing Notes 

US 6606612 Bl EN 15 7 Related to Provisional US 199896660 
Related to Provisional US 1 998 1 1 33 1 0 

...design optimization of aircraft engine, involves performing parameter 
based partitioning of design space and using neural network to analyze 
parameters 

Original Titles: 

Method for constructing composite response surfaces by combining neural 
networks with other interpolation or estimation techniques 

Alerting Abstract ...dependence of variables of interest with respect to 
respective design parameters is represented using a neural network and 
interpolation/estimation process. The output of neural network and 
interpolation process is combined to establish optimal condition. A 
feedback loop allows further processing in the neural network and 
interpolation process.. ..USE - For design optimization of aerodynamic 
components and heat transfer structures e.g. wings, engines, transonic high 
pressure turbine, stator and... 

...the total amount of simulation data reduces the training requirements 
and training times of the neural network . Permits a designer to rapidly 
perform variety of trade-off studies before arriving at the... 

Class Codes 

...Manual Codes (EPI/S-X): T01-J16C1 
Original Publication Data by Authority 



Original Abstracts: 

...for design optimization that incorporates the advantages of both 
traditional response surface methodology (RSM) and neural networks is 
disclosed. The present invention employs a unique strategy called 
parameter-based partitioning of the given design space. In the design 
procedure, a sequence of composite response surfaces based on both neural 
networks and polynomial fits is used to traverse the design space to 
identify an optimal solution. The composite response surface has both the 
power of neural networks and the economy of low-order polynomials 
(in terms of the number of simulations needed and the network training... 

...The present invention handles design problems with many more parameters 
than would be possible using neural networks alone and permits a 
designer to rapidly perform a variety of trade-off studies before arriving 
at the final... 
Claims: 

...for parallel analysis, each such parameter to be analyzed in at least 
one of a neund network and an estimation/interpolation process whereby 
an objective function that combines the output from the neural 
network and the estimation/interpolation process establishes a 
condition of optimality, and a feedback loop allows for further 
processing in the neural network process and the 
estimation/interpolation process to construct a composite response 
surface in a design space. Basic Derwent Week: 200368 
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DIALpG(R)File 350:Derwent WPIX 

(c) 2007 The Thomson Corporation, All rts. reserv. 

0009464737 - Drawing available 
WPI ACC NO: 1999-405216 /199934 
XRPX Acc No: N1999-302041 
Air data sensing method and apparatus for aircraft 
Patent Assignee: ACCURATE AUTOMATION CORP (ACCU-N) 
Inventor: CARLTON L A; COX C J; DAVIS J L; DONOVAN D J; FRISCH J C; KOCHER 
M P; LEWIS C E; PAP R M; PLATT J C; ROBINSON T W 
Patent Family (2 patents, 81 countries) 
Patent Application 

Number Kind Date Number Kind Date Update 

WO 1999032963 Al 19990701 WO 1998US27089 A 19981218 199934 B 

AU 199923065 A 19990712 AU 199923065 A 19981218 199950 E 

Priority Applications (no., kind, date): US 1997995511 A 19971222 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
WO 1999032963 Al EN 48 46 

Regional Designated States,Original: AT BE CH CY DE DK EA ES FI FR GB GH 

GM GR IE IT KE LS LU MC MW NL OA PT SD SE SZ UG ZW 
AU 199923065 A EN Based on OPI patent WO 1999032963 

Alerting Abstract ...the corresponding air data signal can be derived by 
a learning system such as a neural network trained either in flight or 
in wind tunnel testing, for example... 

...7 Learning system e.g. neural network 

Class Codes 

...Manual Codes (EPI/S-X): T01-J16C1 
Original Publication Data by Authority 



Original Abstracts: 

...the aircraft surface (3) in proximity to the conformal member to 
preserve the aircraft's aerodynamic shape.The associator (6) is coupled 
to the sensor (2) to receive the sensor signal, and maps the sensor... 
...air pressure. Preferably, the associator (6) is implemented as a 
learning system such as a neural network , that can be trained to 
generate accurate air data based on the sensor signal. The invention also 
includes a... 

Basic Derwent Week: 199934... 
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Set Items Description 

52 19928 NEURAL()(NET? ? OR NETWORK? ?) OR ARTIFICIAL()INTELLIGENCE 

OR AI OR ANN OR (ARTIFICIAL () NEURAL () NETWORK?) 

53 4099046 REPAIR??? OR ALTERATION? ? OR MODIFY OR MODIFICATION OR M- 

ODIFIED OR CORRECT??? OR BROKEN OR BREAK??? OR FIX??? OR WORN 
OR MEND??? OR MALFUNCTION? OR FAILURE? ? OR SERVICING 

54 424796 AEROSPACE? OR AIRCRAFT? OR AIRPLANE? OR AEROPLANE? OR AIRL- 

INER? OR CHOPPER? OR HELICOPTER? OR JET? 

515 29 S2 (50N) S3 (SON) S4 

516 112028 INK () JET?? 

517 27 S15NOTS16 

519 26 S17 ANDPY=1963:2004 

520 26 IDPAT (sorted in duplicate/non-duplicate order) 

521 26 IDPAT (primary/non-duplicate records only) 

21/3,K/1 (Item 1 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All rts. reserv. 

0015787567 - Drawing available 
WPI ACC NO: 2004-675761 /200466 

Related WPI Acc No: 2000-490378; 2004-477652; 2007-238588 
XRPX Acc No: N2004-535517 

Computer system for flight control of aircraft has neural network 

which produces modified control signal for linear controller to provide 

fixed solution for flight control to correct errors in modeling 

Patent Assignee: GUIDED SYSTEMS TECHNOLOGIES INC (GUID-N) 

Inventor: CORBAN J E 

Patent Family (2 patents, 1 countries) 

Patent Application 

Number Kind Date Number Kind Date Update 

US 20040181499 Al 20040916 US 1995510055 A 19950801 200466 B 

US 2000585105 A 20000531 

US 2004806501 A 20040322 
US 7039473 B2 20060502 US 2004806501 A 20040322 200629 E 

Priority Applications (no., kind, date): US 1995510055 A 19950801; US 
2000585105 A 20000531; US 2004806501 A 20040322 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
US 20040181499 Al EN 19 9 Continuation of application US 
1995510055 

Continuation of application US 

2000585105 

Continuation of patent US 6092919 
Continuation of patent US 6757570 

Computer system for flight control of aircraft has neural network 
which produces modified control signal for linear controller to provide 
fixed solution for flight control to correct errors in modeling 

Basic Derwent Week: 200466 
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» 0014381337 - Drawing available 
WPI ACC NO: 2004-570399/ 200455 
XRPX Acc No: N2004-451 136 

Mechanical wave data e.g. acoustic signal, and vibration collecting method 

for mechanical system e.g. airplane engine, involves obtaining data from a 

sensor at location of mechanical system 

Patent Assignee: NELSON M C (NELS-I) 

Inventor: NELSON M C 

Patent Family (1 patents, 1 countries) 

Patent Application 

Number Kind Date Number Kind Date Update 

US 20040143398 Al 20040722 US 2003437963 P 20030103 200455 B 



Priority Applications (no., kind, date): US 2003437963 P 20030103; US 
2003437964 P 20030103; US 2003437967 P 20030103; US 2003437968 P 
20030103; US 2004752201 A 20040105 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 

US 20040143398 Al EN 9 5 Related to Provisional US 2003437963 



Alerting Abstract ...airplane engine, paint sprayer in automobile 
assembly line, or aircraft wing and tail structure, for jet engine 
monitoring, failure detection and prediction in composite material, and 
physical security for moveable assets e.g. aircraft . 



...give a substantially more reliable power spectra. The method improves 
the utility and reliability of artificial intelligence in vibration and 
acoustic monitoring data. The method provides highly reliable and detailed 
diagnostics for 

Original Publication Data by Authority 



Original Abstracts: 

...mechanical events in mechanical systems, for enhancing the performance 
of pattern recognition including without limitation artificial 
intelligence methods, and for monitoring and assessing the condition 
of mechanical systems such as motors, structures, and structural elements. 
Applications include, without limitation, ]et engine monitoring, 
failure detection and prediction in composite materials, and physical 
security for moveable assets such as aircraft. Basic Derwent Week: 
200455 



2 1/3JK/1 1 (Item 1 1 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All rts. reserv. 

0009390519 - Drawing available 



US 2003437964 
US 2003437967 
US 2003437968 
US 2004752201 



P 20030103 
P 20030103 
P 20030103 
A 20040105 



Related to Provisional US 2003437964 
Related to Provisional US 2003437967 
Related to Provisional US 2003437968 
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WPIACCNO: 1999-325866 /199927 
XRPX Acc No: N 1999-244379 

Virtual sensor in military helicopters for low airspeed indication 
Patent Assignee: US SEC OF NAVY (USNA) 
Inventor: HAAS D J; MCCOOL K M; SCHAEFER C G 
Patent Family (1 patents, 1 countries) 
Patent Application 

Number Kind Date Number Kind Date Update 

US 5901272 A 19990504 US 1996736176 A 19961024 199927 B 

Priority Applications (no., kind, date): US 1996736176 A 19961024 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
US 5901272 A EN 17 8 

Original Publication Data by Authority 



Original Abstracts: 

The invention is directed to means, utilizing a neural network , for 
estimating helicopter airspeed at speeds below about 50 knots using 
only fixed system parameters as inputs to the neural network . The 
system includes : means for entering at least one initial parameter; 
means for measuring, in a nonrotating reference frame associated with the 
helicopter , a plurality of variable state parameters generated during 
flight of the helicopter ; means for determining a plurality of input 
parameters based on the at least one initial parameter and the plurality... 

Basic Derwent Week: 199927... 



21/3,K/12 (Item 12 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All rts. reserv. 

0009321819 - Drawing available 

WPIACCNO: 1999-253310 /199921 

Related WPI Acc No: 1998-297164 

XRPX Acc No: N1999-1 88496 

Helicopter airspeed information estimation system 

Patent Assignee: US SEC OF NAVY (USNA) 

Inventor: HAAS D J; MCCOOL K M; SCHAEFER C G 

Patent Family (1 patents, 1 countries) 

Patent Application 

Number Kind Date Number Kind Date Update 
US 5890101 A 19990330 US 1996740067 A 19961024 199921 B 
US 1997955970 A 19971022 

Priority Applications (no., kind, date): US 1996740067 A 19961024; US 
1997955970 A 19971022 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 

US 5890101 A EN 16 8 Division of application US 1996740067 

Division of patent US 5751609 
Original Publication Data by Authority 
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Original Abstracts: 

The invention is directed to a system, utilizing a neural network, for 
* estimating helicopter airspeed in the low airspeed flight range of below 
about 50 knots using only fixed system parameters as input s to the neural 
network . The method includes the steps of: (a) defining input 
parameters derivable from variable state parameters generated during flight 
of the helicopter and measurable in a nonrotating reference frame 
associated with the helicopter : (b) determining the input parameters 
and a corresponding helicopter airspeed at a plurality of flight 
conditions representing a predetermined low airspeed flight domain of the 
helicopter ; (c) establishing a learned relationship between the 
determined input parameters and the corresponding helicopter airspeed 
wherein the relationship is represented by at least one nonlinear 
equation; (d) storing the at least one nonlinear equation in a memory 
onboard the helicopter ; (e) measuring real time values of the variable 
state parameters during low airspeed flight of the helicopter; (f) 
calculating... 

Basic Derwent Week: 199921 



21/3JK/17 (Item 17 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All its. reserv. 

0008264336 - Drawing available 
WPI ACCNO: 1997-372324/ 199734 
XRPX Acc No: N1997-309234 

Object flow performance feature model generation for aircraft - involves 
coupling test database to neural network and providing test input signals 
representing object geometric configurations and outputs representing flow 
performance features 

Patent Assignee: NASA US NAT AERO & SPACE ADMIN (USAS) 
Inventor: JORGENSEN C; ROSS J 
Patent Family (1 patents, 1 countries) 
Patent Application 

Number Kind Date Number Kind Date Update 

US 5649064 A 19970715 US 1995446071 A 19950519 199734 B 

Priority Applications (no., kind, date): US 1995446071 A 19950519 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
US 5649064 A EN 14 6 

Original Publication Data by Authority 



Original Abstracts: 

The method and apparatus includes a neural network for generating a 
model of an object in a wind tunnel from performance data on the object. 
The network,.. 

...signals (e.g., lift, drag, pitching moment, or other performance 
features). In one embodiment, the neural network training method 
employs a modified Levenberg-Marquardt optimization technique . The 
model can be generated "real time" as wind tunnel testing proceeds. Once 
trained, the model is used to estimate performance features associated with 
tne aircraft given geometric configuration and /or power setting input . 
The invention can also be applied in other similar static flow... 
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21/3,K/18 (Item 18 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All rts. reserv. 

0007972234 - Drawing available 
WPIACCNO: 1997-062946 /199706 
XRPX Acc No: N1997-052009 

Air-fuel ratio controller for IC engine e.g. gasoline engine of vehicles - 

includes control correction computation unit to compute quantity of fuel 

jet correction corresponding to estimated fuel ratio 

Patent Assignee: MATSUSHITA DENKI SANGYO KK (MATU) 

Inventor: FUJIOKA N; ISHIDA A; NAKAMURA T; TAKIGAWA M 

Patent Family (2 patents, 1 countries) 

Patent Application 

Number Kind Date Number Kind Date Update 

JP 8312411 A 19961126 JP 1995116929 A 19950516 199706 B 

JP3144264 B2 20010312 JP 1995116929 A 19950516 200116 E 

Priority Applications (no., kind, date): JP 1995116929 A 19950516 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
JP 8312411 A JA 8 8 

JP 3 144264 B2 JA 8 Previously issued patent JP 083 1241 1 

Alerting Abstract ...A converter (19) converts the signals and the 
converted signals are fed to the neural network based computation 
device, which outputs an air-fuel ratio. A control correction computation 
device (111) uses the air- fuel ratio output by the computation device to 
compute fuel jet correction , based on present engine conditions... 



21/3,K/19 (Item 19 from file: 350) 
DIALOG(R)FiIe 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All rts. reserv. 

0007874419 

WPIACCNO: 1996-505496 /199650 
XRAM Acc No: CI 996- 15 8593 
XRPX Acc No: Nl 996-425968 

Evaluation of hydrocarbon fuels by near-I.R. spectroscopy - includes 
codifying obtd. NIR signal and comparing obtd. spectra with correlated 
matrix of parameter values in trained neural network. 
Patent Assignee: INTEVEP SA (INW) 

Inventor: AARON R; ADRIANO P; ARROYO F; FERNANDO A; HERNAN P; PARISI A; 

PARISI A F; PRIETO H; RANSON A 
Patent Family (1 1 patents, 8 countries) 
Patent Application 

Number Kind Date Number Kind Date Update 

US 5572030 A 19961105 US 1994231424 A 19940422 199650 B 

US 1996585000 A 19960111 
GB 2312741 A 19971105 GB 19968947 A 19960429 199747 NCE 
DE 19617917 Al 19971113 DE 19617917 A 19960503 199751 NCE 
JP9305567 A 19971128 JP 1996112861 A 19960507 199807 NCE 
NL 1003058 C2 19971110 NL 1003058 A 19960507 199807 NCE 
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CA 2175326 A 19971030 CA 2175326 A 19960429 199821 NCE 

BR 199602223 A 19980908 BR 19962223 A 19960510 199842 NCE 

MX 199601605 Al 19980701 MX 19961605 A 19960430 200012 NCE 

CA 2175326 C 19991116 CA 2175326 A 19960429 200014 NCE 

MX 197072 B 20000622 MX 19961605 A 19960430 200133 NCE 

DE 19617917 C2 20020529 DE 19617917 A 19960503 200237 NCE 

Priority Applications (no., kind, date): US 1994231424 A 19940422; US 
1996585000 A 19960111; GB 19968947 A 19960429; CA 2175326 A 
19960429; MX 19961605 A 19960430; DE 19617917 A 19960503; JP 
1996112861 A 19960507; NL 1003058 A 19960507; BR 19962223 A 
19960510 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 

US 5572030 A EN 16 9 Continuation of application US 

1994231424 
GB 2312741 A EN 40 9 
DE 19617917 Al DE 22 9 
JP 9305567 A JA 13 0 
NL 1003058 C2 NL 22 0 
CA 2175326 A EN 
BR 199602223 A PT 
CA 2175326 C EN 

Alerting Abstract ...method is given for evaluating hydrocarbon fuel 
selected from gasoline, diesel fuel, kerosene, naphtha and jet fuel to 
determine a desired parameter selected from Reid vapour pressure, simulated 
distn. values, research... 

...pt. and/or smoke pt. The method comprises: (1) providing a computer 
configured as a neural network ; (2) training the neural network to 
evaluate a hydrocarbon fuel from a family of fuels to determine the desired 
parameter... 

...of the fuels; (c) codifying each of the spectra obtd. by providing a 
base line correction and then reducing the base line corrected spectra 
to a desired number of pts. corresp. to the parameters being evaluated; (d) 
developing... 

Original Publication Data by Authority 
Claims: 

...method is given for evaluating hydrocarbon fuel selected from gasoline, 
diesel fuel, kerosene, naphtha and jet fuel to determine a desired 
parameter selected from Reid vapour pressure, simulated distn. values, 
research... 

...pt. and/or smoke pt. The method comprises: (1) providing a computer 
configured as a neural network ; (2) training the neural network to 
evaluate a hydrocarbon fuel from a family of fuels to determine the 
desired parameter, the training comprising: (a) selecting... 

...of the fuels; (c) codifying each of the spectra obtd. by providing a 
base line correction and then reducing the base line corrected 
spectra to a desired number of pts. corresp. to the parameters being 
evaluated; (d) developing a... 



...matrix from the desired number of pts., the first matrix to be input ted 
to me neural network ; (e) obtaining a second matrix of parameter 



Page 20-79 10825032 
values from an analytical evaluation of the hydrocarbon fuels; (f) 
processing the first and second matrices in the neural network to obtain 
a functional relationship between the two to develop... 

...What is claimed is: ...of hydrocarbon fuels selected from the 
group consisting of gasoline, diesel fuel, kerosene, naphtha and M fuel 
to determine a desired parameter selected from the group consisting of Reid 
vapor pressure... 

...point, and combinations thereof, comprising the steps of:(l) providing a 
computer configured as a neural neftvork ;(2) training the neural 
network so as to evaluate a hydrocarbon fuel from the family of 
hydrocarbon fuels to determine the desired parameter, said training 
comprising... 

...an NIR spectra for each of said plurality of hydrocarbon fuels;(c) 
codifying each of the NIR spectra obtained by providing a base line 
correction and thereafter reducing the base line corrected spectra to a 
desired number of points corresponding to the parameters being 
evaluated;(d) developing... 

...from the desired number of points, said first matrix to be subsequently 
input ted to the neural nerwork :(e) obtaining a second matrix of 
parameter values from an analytical evaluation of the plurality of 
hydrocarbon fuels;(f) processing the first matrix and the second matrix 
in the neural network to obtain a functional relationship between the 
first matrix and the second matrix so as to develop a... 
Basic Derwent Week: 199650 



21/3,K/22 (Item 22 from file: 350) 

DIALOG(R)File 350:Derwent WPIX 

(c) 2008 The Thomson Corporation. All rts. reserv. 

0007137444 - Drawing available 
WPIACCNO: 1995-171093 /199523 
XRPX Acc No: Nl 995- 134060 

Individual aircraft working life evaluation system - uses black-box 

containing neural network for processing parameter values from standard 

aircraft instruments and ground evaluation and memory system 

Patent Assignee: EUROCOPTER DEUT GMBH (EURO-N) 

Inventor: BRAND E 

Patent Family (2 patents, 1 countries) 

Patent Application 

Number Kind Date Number Kind Date Update 

DE 4336588 Al 19950504 DE 4336588 A 19931027 199523 B 

DE 4336588 C2 19990715 DE 4336588 A 19931027 199932 E 

Priority Applications (no., kind, date): DE 4336588 A 1993 1027 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
DE 4336588 Al DE 5 4 

Alerting Abstract ...The evaluation system uses a neural network 
receiving information from the standard aircraft instruments, for storing 
tne aircraft flight position, velocity, control angle and loading, etc., 
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together with further calculated parameters, provided by.. 
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* ...stored information is transferred to an evaluation memory system on the 
ground, for summating the aircraft usage to determine the working life 
and the servicing requirements... 

...Pref. the values provided by the aircraft instruments are continuously 
interrogated by the neural network , the aircraft on-board processor 
used to process the stored values. 

Basic Derwent Week: 199523... 



2 l/3,K/24 (Item 24 from file: 350) 
DIALOG(R)File 350:Derwent WPIX 
(c) 2008 The Thomson Corporation. All rts. reserv. 

0006147640 - Drawing available 
WPI ACCNO: 1992-390268 /199247 
XRPX Acc No: N1992-297669 

Subsystem failure analysis appts. for electronic artificial intelligence 

system - simulates effect of subsystem failure to test system using 

knowledge base, user interface and failure analysis component 

Patent Assignee: BOEING CO (BOEI) 

Inventor: CHAKRAVARTY A J; NAKAMURA Y 

Patent Family (1 patents, 1 countries) 

Patent Application 

Number Kind Date Number Kind Date Update 
US5161158 A 19921103 US 1989421579 A 19891016 199247 B 

Priority Applications (no., kind, date): US 1989421579 A 19891016 

Patent Details 

Number Kind Lan Pg Dwg Filing Notes 
US 5161158 A EN 18 6 

Alerting Abstract ...with the knowledge base and the simulation condition 
data, and generates a set of subsystem failure responses that would occur 
in the electronic system if the failure actually occurred. The component 
also performs a fault isolation analysis... 

...USE/ AD VANTAGE - For analysing failure effect propagation in electronic 
system having at least one system mode, e.g. in artificial intelligence 
system in aircraft, for system level failure analysis. Efficient. 
Improves design, testing and maintenance of avionics systems. 
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810:Business Wire 1986-1999/ 



Set Items Description 

51 71476 AEROELASTIC? OR AERODYNAMIC? OR AERO() ELASTIC? OR AERO()- 

DYNAMIC? 

52 1016 NEURAL()(NET? ? OR NETWORK? ?) OR ARTIFICIAL()INTELLIGENCE 
OR (VIRTUAL OR INTELLIGENT) (2N)(ROBOT? OR AGENT? ? OR SERVO? 

? OR BOT OR BOTS OR SYSTEM? ?) OR SOFTBOT? OR SOFT()(BOT OR B- 
OTS) 

53 1328 AI OR SYMBOT? OR KNOWBOT? OR INFERENCE()ENGINE? ? OR ANN OR 

(ARTIFICIAL () NEURAL () NETWORK?) OR (PARALLEL () DISTRIBU- 
TED 0 PROCESSING () NETWORK?) 

54 154 EXPERT () SYSTEM? ? OR INTELLIGENT () RETRIEVAL OR KNOWLE- 
DGE () ENGINEERING OR MACHINE ()LEARNING 

55 2280 S2:S4 

S(i 25589 REPAIR??? OR ALTERATION? ? OR ALTER??? OR MODIFY OR MODIF- 
ICATION OR MODIFIED OR CORRECT??? OR BROKEN OR BREAK??? OR FI- 
X??? OR WORN OR MEND??? OR MALFUNCTION? OR FAILU- 
RE? ? OR MISFUNCTION? OR LEAK??? OR SERVICING 

S8 776 (ENTER??? OR INPUT????? OR INSERT???? OR ADD??? OR SCAN???? 
OR READ???) (5N) (DEVICE? ? OR MODULE? ? OR PARAMETER? ?) 

515 52 S 1 (50N) S5 (50N) (S6 OR S8) 

516 45 S15 AND PY=1963:2004 
Sir 31 RD (unique items) 

1 7/3.K/9 (Item 6 from file: 1 6) 
DIALOG(R)File 16:Gale Group PROMT(R) 
(c) 2007 The Gale Group. All rts. reserv. 

06651647 Supplier Number: 55814096 (USE FORMAT 7 FOR FULLTEXT) 

New cockpit controls, displays make everyone a pilot. 

Gonzalez, Jean 

Design News, v54, nl7, p88 

Sept 6, 1999 

Language: English Record Type: Fulltext 

Document Type: Magazine/Journal; Refereed; Academic Trade 

Word Count: 1569 

damaged aircraft controllable." 
Today's flight controllers are a medley of electromechanical systems, 
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which signal aerodynamic control surfaces in response to pilot commands. 

The intelligent flight control system employs experimental 
neural network software developed by NASA scientists at Moffett Field, 
CA and Boeing Company's Phantom Works... 

...MO). Engineers at Dryden Flight Research Center in Edwards, CA are 
testing it on a modified F- 1 5 . 

The "smart software," when fully developed, should increase safety, 
helping NASA reach its... 

...7 million hours, with over 100 different iterations and 500 test flights 
to perfect. The neural network software cuts the amount of code 
required by a factor of 20. The neural network learns the aircraft's 
current operational status, checking it six times per second, sensing 
differences... 
19990906 



17/3,K/14 (Item 1 from file: 47) 
DIALOG(R)File 47:Gale Group Magazine DB(TM) 
(c) 2007 The Gale group. All rts. reserv. 

06648685 SUPPLIER NUMBER: 108050570 (USE FORMAT 7 OR 9 FOR FULL TEXT 
) 

Mind-expanding machines: artificial intelligence meets good old-fashioned 

human thought. 
Bower, Bruce 

Science News, 164, 9, 136(3) 
August 30, 2003 

ISSN: 0036-8423 LANGUAGE: English RECORD TYPE: Fulltext 
WORD COUNT: 2453 LINE COUNT: 00199 

Just as it proved too difficult for early flight enthusiasts to 
discover the principles of aerodynamics by trying to build aircraft 
modeled on bird wings, Ford argues, it maybe too hard... 

...computers modeled on the processes of human thought. 

That's a controversial stand in the artificial inteUigence 
community. Although stung by criticism of their failure to create the 
insightful computers envisioned by the field's founders nearly 50 years ago 

...the Turing Test with flying colors. 

"I'm skeptical of people who are skeptical" of AX research, says 
Rodney Brooks, who directs the Massachusetts Institute of Technology's 
artificial intelligence laboratory. He heads a "hard-core AI" venture 
aimed at creating intelligent, socially adept robots... 



17/3.K/19 (Item 1 from file: 275) 
DIALOG(R)File 275:Gale Group Computer DB(TM) 
(c) 2007 The Gale Group. All rts. reserv. 

02687205 SUPPLIER NUMBER: 98078355 (USE FORMAT 7 OR 9 FOR FULL TEXT) 
Reshaping aircraft. (Transportation). 
Jonietz, Erika 

Technology Review (Cambridge, Mass.), 106, 2, 27(1) 
March, 2003 

ISSN: 1099-274X LANGUAGE: English RECORD TYPE: Fulltext 
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stress; and it will use the carbon nanotubes as tiny actuators to 
help the machines modify their shapes in response to changing 
aerodynamic conditions. 

In addition to developing the materials, the institute's researchers 
will have to create.. .actuators, predicts David Zimmerman, a University of 
Houston mechanical engineer who heads the institute's intelligent - 
systems group. "The theory for handling that just doesn't exist today," 
he says. So his... 

2003030* 
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Bower, Bruce 
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WM 
TEXT: 

Just as it proved too difficult for early flight enthusiasts to 
discover the principles of aerodynamics by trying to build aircraft 
modeled on bird wings, Ford argues, it maybe too hard... 

...computers modeled on the processes of human thought. 

That's a controversial stand in the artificial intelligence 
community. Although stung by criticism of their failure to create the 
insightful computers envisioned by the field's founders nearly 50 years ago 



...the Turing Test with flying colors. 

"I'm skeptical of people who are skeptical" of AI research, says 
Rodney Brooks, who directs the Massachusetts Institute of Technology's 
artifi cial intelligence laboratory. He heads a "hard-core AI" venture 
aimed at creating intelligent, socially adept robots... 
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TEXT: 

gains by applying these techniques in existing systems. A major 
focus of the work is aerodynamic and hydrodynamic control, vibration and 
noise reduction. 

Smart materials are usually composites made up of... 

...and operation. When combined with actuators, an embedded signal-sensor 
processing network and a control system , intelligent substances can 
alter a vehicle's structural performance by making modifications to 
compensate for damage or new mission... 
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Nov 1998 

ISSN: 0021-8669 JOURNAL CODE: FJAI 
DOCUMENT TYPE: Feature 

LANGUAGE: English RECORD TYPE: Abstract 

mm 

...ABSTRACT: method (christened "the Delta method") of estimating aircraft 
parameters from flight data using feed- forward neural networks is 
applied for the extraction of lateral-directional parameters from simulated 
as well as real-flight data. The neural network is trained using 
aircraft motion and control variables as the network input s and 
aerodynamic coefficients as the network outputs; the trained network is 
used to predict aerodynamic coefficients for a suitably modified Input 
file. 
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...safe operations - even in zero visibility conditions. 
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Ultimately, Goldin expects aircraft to make use of " neural network 
" computers able to "learn and modify " using feedback from embedded 
micro-sensors distributed throughout the structure, or "nano-technology 
that pushes the theoretical limits of performance." 

"We may literally grow multi-function aircraft skins for structure, 
aerodynamic efficiency and control, and environmental protection," he 
said. "When damaged, these surfaces may self-heal... 

2000 
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WORD COUNT: 480 

TEXT: 

... they do not easily recognize patterns, nor can they deal with imprecise 
or contradictory data. 



Neural networks exhibit an adaptive behavior that makes them capable 
of "self-learning." Instead of being programmed, neural networks are 
"trained" by exposing them to repeated examples. And when neural 
networks are trained with correct examples from available data, they 
can accurately "fill in the blanks" for missing information or... 
... aerospace engi neering application, ExploreNet can be used to predict 
how an aircraft will perform aerodvnamically . The data could come from a 
combination of flight tests, wind tunnel experiments and finite element 
analysis on a supercomputer. 



"Our experience and customers lead us to expect that neural 
networks can be used easily to combine algorithms and test data, combing 
the 'knowledge' from both... 

... KnowledgeNet uses patented technology to explain the rationale behind 
choices or decisions made by a neural network . It can be applied to 
applications that require either simple YES/NO decisions or more... 

mi 
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USAF Awards Contracts to Develop Self-Repair Control Concepts 
Robert R. Ropelewski 
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WORD COUNT: 1,155 

TEXT: 

... for development of reconfiguration concepts permitting maximum 
performance of aircraft flight control systems after actuator failure or 
surface damage. 



-Charles Stark Draper Laboratory~$215,213 for development of a computer 
software... 

...possible when battle damage is incurred. 



—Honeywell, Inc.— $ 1 .7 million for development of an expert system 
for maintenance diagnostics that would be used by technicians at austere 
bases. The system would be modified as an experience base develops in the 
field. 

-Analytical Methods, Inc., of Redmond, Wash. --$275, 000 for development 
of an aerodynamic model to predict stability and control parameters of an 
aircraft that has received substantial damage... 

1985 
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TEXT: 

...computer chip. 

The highly advanced component contains a 64-bit floating point 
processor, and error- correcting memory management unit, message routing 
hardware and input/ output processors. The VLSI circuit is a... 

...said Stephen Colley, NCUBE president. 

"Scientific and engineering application areas that will be 
revolutionized include neural networks , artificial intelligence . 
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"The availability of the Oracle DBMS software on the NCUBE 2 will... 
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as well as pattern, speech and handwriting recognition. "I think 
the earliest significant result of neural networks as applied to 
conventional products will be in the area of control." The company's... 

...flight control, thermal health monitoring, manufacturing process control 
and embedded sensors. 

White, technology leader of intelligent systems development at the 
new aircraft products division, explained that the company is working on a 
neural network -based control system for the F-15. Stable flight is 
dependent upon an accurate aeromodel... 

...something happens to the aircraft in flight (such as losing its 
stabilator or experiencing mechanical failure) , the aeromodel changes and 
adapts to the aircraft's impaired condition. "The neural network 
basically learns, based upon in-flight data, the necessary changes to the 
aeromodel to provide... 

...for hypersonic aircraft such as the NASA/DoD National Aerospace Plane 
(NASP). "We believe that neural networks will solve many of the 
problems concerning the monitoring and control of liquid hydrogen fuel 
which is pumped throughout the aircraft to cool aerodynamicallv heated 
surfaces during hypersonic flight," White explained. 

Under a DARPA program investigating the use of... 
19910625 
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Title: Hierarchical approach to adaptive control for improved flight 
safety 
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Author Affiliation: Georgia Inst, of Technol., Atlanta, GA, USA 
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Language: English Document Type: Journal Paper (JP) 
Treatment: Theoretical (T); Experimental (X) 
Abstract: Following failures of primary aerodynamic actuators, safe 
flight can be maintained by introducing alternative actuation systems . An 
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intelligent hierarchical flight control system architecture is presented 
that is designed using nonlinear adaptive synthesis techniques and online 
learning neural networks to enhance flight safety. Pseudocontrol hedging is 
used for proper adaptation in the presence of actuator saturation, rate 
limits, and failure. The hierarchical structure incorporates nonactive 
secondary actuation channels that are engaged after a failure of a primary 
control surface is encountered. The methodology requires only the knowledge 
that a failure in a specific actuator has occurred. A model of the failed 
aircraft, the failure type, and the failure size need not to be known. The 
neural network element of the secondary channel will adapt to the failed 
actuator effect. The secondary control channels are designed to account for 
the typically lower authority and degraded performance that can be expected 
with secondary actuation systems. The proposed hierarchical flight control 
architecture is attractive, in particular, as a retrofit to existing 
certified flight control systems for enhanced flight safety. The proposed 
flight control architecture is evaluated in a nonlinear flight simulation 
environment, demonstrating its retrofit features. (22 Refs) 
Subfile: C 
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C1340K (Nonlinear control systems); C1230D (Neural nets); C7420 (Control 
engineering computing); C5290 (Neural computing techniques) 

Copyright 2003, IEE 



16/5/3 (Item 3 from file: 2) 
DIALOG(R)File 2:INSPEC 

(c) 2007 Institution of Electrical Engineers. All rts. reserv. 

06998161 INSPEC Abstract Number: C9809-3375-009 
Title: A hybrid autopilot for BTT steering using RBF neural nets 
Author(s): McDowell, D.M.; Irwin, G.W.; Lightbody, G.; McConnell, G. 
Author Affiliation: Control English Res. Group, Queen's University, Belfast, UK 
Conference Title: Proceedings of the 13 th World Congress, International 

Federation of Automatic Control. Vol.P. Aerospace, Transportation Systems 

p. 159-64 
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Conference Title: Proceedings of the 13th World Congress. Vol.P: 
Aerospace, Transportation Systems 

Conference Date: 30 June-5 July 1996 Conference Location: San 
Francisco, CA, USA 

Language: English Document Type: Conference Paper (PA) 

Treatment: Theoretical (T); Experimental (X) 

Abstract: A hybrid neural adaptive control scheme is proposed to 
alleviate the tracking problems associated with a bank-to-turn (BTT) 
autopilot. This employs a Gaussian radial basis function neural network 
in parallel with an independently regulated, fixed -gain lateral 
autopilot to adaptively compensate for roll-induced cross-coupling, 
time-varying aerodynamic derivatives and control surface constraints to 
achieve consistent tracking performance over the flight envelope. The 
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hybrid scheme is evaluated against realistic pitch acceleration and roll 
rate profiles generated from a typical guidance scenario and its 
• performance compared with constant parameter and gain scheduled autopilot. 
(13 Reft) 
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Conference Sponsor: IEEE 

Conference Date: 21-24 Sept. 1992 Conference Location: Dayton, OH, USA 
Language: English Document Type: Conference Paper (PA) 
Treatment: Practical (P) 

Abstract: The authors discuss the framework of a knowledge-based expert 
system for studying the survivability of the aerospace structures 
exposed to high energy lasers using VAASEL (vulnerability analysis of 
aerospace structures exposed to lasers) software. VAASEL is a synthesis 
tool built around NASTRAN and ASTROS programs. The knowledge base involves 
threat characterization, temperature distribution, failure prediction, 
linear and nonlinear statics, air loads and aeroelastic disciplines. A 
description of the VAASEL expert system modules > the graphics 
interface and the input data generator is included. (1 1 Refs) 
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U.S. Copyright Clearance Center Code: 0731-5090/93/S2.00+.50 
Language: English Document Type: Journal Paper (JP) 
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Abstract: A neural network is proposed as an approach to the task of 
failure detection following damage to an aerodynamic surface of an 
aircraft flight control system. Several drawbacks of other failure 
detection techniques can be avoided by taking advantage of the flexible 
learning and generalization capabilities of a neural network. This 
structure, used for state estimation purposes, can be designed and trained 
on line in flight and generates a residual signal indicating the damage as 
soon as it occurs. From an analysis of the cross-correlation functions 
between some key state variables, the identification of the damage type can 
also be achieved. The results of a nonlinear numerical simulation for a 
damaged control surface are reported and discussed. (21 Refs) 
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Improving the Unsteady Aerodynamic Performance of Transonic Turbines 
using Neural Networks 
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A recently developed neural net-based aerodynamic design procedure is 
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used in the redesign of a transonic turbine stage to improve its unsteady 
aerodynamic performance. The redesign procedure used incorporates the 
< advantages of both traditional response surface methodology and neural 
networks by employing a strategy called parameter-based partitioning of the 
design space. Starting from the reference design, a sequence of response 
surfaces based on both neural networks and polynomial fits are constructed 
to traverse the design space in search of an optimal solution that exhibits 
improved unsteady performance. The procedure combines the power of neural 
networks and the economy of low-order polynomials (in terms of number of 
simulations required and network training requirements). A time-accurate, 
two-dimensional, Navier-Stokes solver is used to evaluate the various 
intermediate designs and provide input s to the optimization procedure. The 
procedure yielded a modified design that improves the aerodynamic 
performance through small changes to the reference design geometry. These 
results demonstrate the capabilities of the neural net-based design 
procedure, and also show the advantages of including high-fidelity unsteady 
simulations that capture the relevant flow physics in the design 
optimization process. 

Descriptors: * Aerodynamic characteristics; * Supersonic turbines; *Design 
optimization; *Fluid dynamics; Neural nets; Education; Navier-stokes 
equation; Polynomials; Simulation 
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Presented at Propulsion, 35th, Los Angeles, CA, 20-24 Jun. 1999. American 
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A recently developed neural net-based aerodynamic design procedure is 
used in the redesign of a transonic turbine stage to improve its unsteady 
aerodynamic performance. The redesign procedure used incorporates the 
advantages of both traditional response surface methodology (RSM) and 
neural networks by employing a strategy called parameter-based partitioning 
of the design space. Starting from the reference design, a sequence of 
response surfaces based on both neural networks and polynomial fits are 
constructed to traverse the design space in search of an optimal solution 
that exhibits improved unsteady performance. The procedure combines the 
power of neural networks and the economy of low-order polynomials (in terms 
of number of simulations required and network training requirements). A 
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time-accurate, two-dimensional, Navier-Stokes solver is used to evaluate 

the various intermediate designs and provide input s to the optimization 

procedure. The optimization procedure yields a modified design that 

improves the aerodynamic performance through small changes to the 

reference design geometry. The computed results demonstrate the 

capabilities of the neural net -based design procedure, and also show 

the tremendous advantages that can be gained by including high-fidelity 

unsteady simulations that capture the relevant flow physics in the design 

optimization process. 

Descriptors: *Supersonic turbines; *Navier-stokes equation; *Fluid 
dynamics; *Design analysis; * Aerodynamic characteristics; Neural nets; 
Unsteady aerodynamics; Simulation; Polynomials; Optimization; Aerodynamics 

Identifiers: NTISNASA 

Section Headings: 51C (Aeronautics and Aerodynamics-- Aircraft); 46B 
(Physics-Fluid Mechanics) 



16/5/8 (Item 3 from file: 6) 
DIALOG(R)File 6:NTIS 

(c) 2007 NTIS, Intl Cpyrght All Rights Res. All rts. reserv. 

2024266 NTIS Accession Number: N 1997 0023 67 9/XAB 
Direct Adaptive Aircraft Control Using Dynamic Cell Structure Neural 

Networks 
Jorgensen, C. C. 

National Aeronautics and Space Administration, Moffett Field, CA. Ames 
Research Center. 
Corp. Source Codes: 019045001-, NC473657 

Report Number: NAS 1.15:1 12198; A-976719A; NASA-TM-1 12198 
May 97 20p 
Languages: English 

Journal Announcement: GRAI9723; STAR3508 

Order this product from NTIS by: phone at 1-800-553-NTIS (U.S. 
customers); (703)605-6000 (other countries); fax at (703)321-8547; and 
email at orders@ntis.fedworld.gov. NTIS is located at 5285 Port Royal Road, 
Springfield, VA, 22161, USA. 

NTIS Prices: PC A03/MF A01 

Country of Publication: United States 

Contract Number: RTOP 519-30-12 

A Dynamic Cell Structure (DCS) Neural Network was developed which learns 
topology representing networks (TRNS) of F-15 aircraft aerodynamic 
stability and control derivatives. The network is integrated into a direct 
adaptive tracking controller. The combination produces a robust adaptive 
architecture capable of handling multiple accident and off- nominal flight 
scenarios. This paper describes the DCS network and modifications to the 
parameter estimation procedure. The work represents one step towards an 
integrated real-time reconfiguration control architecture for rapid 
prototyping of new aircraft designs. Performance was evaluated using three 
off-line benchmarks and on-line nonlinear Virtual Reality simulation. 
Flight control was evaluated under scenarios including differential 
stabilator lock, soft sensor failure, control and stability derivative 
variations, and air turbulence. 
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Journal Announcement: 0407W2 

Abstract: A novel "directed graph" based algorithm is presented that 
facilitates intelligent learning and adaptation of the parameters 
appearing in a Radial Basis Function Network (RBFN) description of input 
output behavior of nonlinear dynamical systems. Several alternate 
formulations, that enforce minimal parameterization of the RBFN parameters 
are presented. An Extended Kalman Filter algorithm is incorporated to 
estimate the model parameters using multiple windows of the batch 
input -output data. The efficacy of the learning algorithms are evaluated on 
judiciously constructed test data before implementing them on real 
aerodynamic lift and pitching moment data obtained from experiments on a 
Synthetic Jet Actuation based Smart Wing. 19 Refs. 
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Abstract: In this paper, a modification strategy is proposed for the 
particle swarm optimization (PSO) algorithm. The strategy adds an adaptive 
scaling term into the algorithm, which aims to increase its convergence 
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rate ajid thereby to obtain an acceptable solution with a lower number of 
objective function evaluations. Such an improvement can be useful in many 
* practical engineering optimizations where the evaluation of a candidate 
solution is a computationally expensive operation and consequently finding 
the global optimum or a good sub-optimal solution with the algorithm is 
too time consuming, or even impossible within the time available. The 
modified PSO algorithm was empirically studied with a suite of four 
well-known benchmark functions, and was further examined with a practical 
application case, a neural - network -based modeling of aerodynamic 
data. The numerical simulation demonstrates that the modified algorithm 
statistically outperforms the original one. 17 Refs. 
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Abstract: The flight vehicle performance (flight and handling qualities, 
agility, controllability, maneuverability, etc.) depends upon flight 
actuators, which displace the control surfaces. Intelligent flight servos 
must be designed to achieve the specified criteria, requirements, and 
standards. Miniscale electromechanical flight actuators are actuated by 
electric servo-motors, and brushless permanent-magnet synchronous machines 
are perfectly suited due to their efficiency, reliability, high torque 
density, low cost and maintenance, simplicity, and ruggedness. However, 
conventional controllers do not ensure the dynamic performance of flight 
actuators in the full operating envelope under rapidly changing flight and 
environmental conditions and aerodynamic loads. An intelligent flight 
servo is designed using the developed neural networks synthesis 
procedure. The Hop field equations are modified to incorporate delay for 
finite switching. The effect of even small delays due to finite switching 
for composite large networks could be significant, and, therefore, 
closed-loop systems may exhibit delay-induced instability. The results 
obtained are valid for systems without delays if the conditions of the 
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theorems hold. These results are applied to illustrate the application of 

neural network-based control systems design for advanced flight servos. It 

is shown that new controllers must be synthesized because synchronous 

servomotors are controlled taking into account the electromagnetic 

features, software, and hardware used. Control signals, which drive 

high-switching transistors (more specifically, MOSFET drivers), are 

developed by the DSP based upon the rotor angular displacement. The DSP 

performs control and decision-making through learning, adaptation, 

reconfiguration, scheduling, and optimization mechanisms. Other functions, 

such as identification, estimation, and diagnostics, can be also 

performed. We demonstrate that the neural network-based intelligent 

controllers guarantee the specified tracking accuracy, desired deflection 

rate, and disturbance attenuation. The system performance is documented. 

12 Refs. 

Descriptors: *Mechatronics; Flight simulators; Actuators; Permanent 
magnets; Synchronous motors; Aerodynamic loads; Neural networks; Digital 
control systems; Transistors; Rotors; MOSFET devices; Optimization; 
Decision making 

Identifiers: Intelligent flight servos 

Classification Codes: 

705.3.1 (AC Motors) 

732.1 (Control Equipment); 704.1 (Electric Components); 705.3 
(Electric Motors); 651.1 (Aerodynamics, General); 723.4 (Artificial 
Intelligence); 731.1 (Control Systems); 714.2 (Semiconductor Devices & 
Integrated Circuits); 601.2 (Machine Components); 921.5 (Optimization 
Techniques); 912.2 (Management) 

608 (Mechanical Engineering, General); 731 (Automatic Control 
Principles & Applications); 732 (Control Devices); 704 (Electric 
Components & Equipment); 705 (Electric Generators & Motors); 651 
(Aerodynamics); 723 (Computer Software, Data Handling & Applications); 714 
(Electronic Components & Tubes); 601 (Mechanical Design); 921 (Applied 
Mathematics); 912 (Industrial Engineering & Management) 

60 (MECHANICAL ENGINEERING, GENERAL); 73 (CONTROL ENGINEERING); 70 
(ELECTRICAL ENGINEERING, GENERAL); 65 (AEROSPACE ENGINEERING); 72 
(COMPUTERS & DATA PROCESSING); 71 (ELECTRONICS & COMMUNICATION 
ENGINEERING); 92 (ENGINEERING MATHEMATICS); 91 (ENGINEERING MANAGEMENT) 



16/5/13 (Item 4 from file: 8) 
DIALOG(R)File 8:Ei Compendex(R) 
(c) 2007 Elsevier English Info. Inc. All rts. reserv. 

08863574 E.L No: EIP01306591359 

Title: Redesigning gas-generator turbines for improved unsteady 
aerodynamic performance using neural networks 
Author: Madavan, N.K.; Rai, M.M.; Huber, F.W. 

Corporate Source: NASA Ames Research Center, Moffett Field, CA 94035, 
United States 

Source: Journal of Propulsion and Power v 17 n 3 May/June 2001. p 669-677 

Publication Year: 2001 

CODEN: JPPOEL ISSN: 0748-4658 

Language: English 

Document Type: JA; (Journal Article) Treatment: T; (Theoretical) 
Journal Announcement: 0108W1 

Abstract: A recently developed neutral network-based aerodynamic design 
procedure is used in the redesign of gas-generator turbine stage to 
improve its unsteady aerodynamic performance. The redesign procedure used 
incorporates the advantages of both traditional response-surface 
methodology and neural networks by employing a strategy called 
parameter-based partitioning of the design space. Starting from the 
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reference design, a sequence of response surfaces based on both neural 
networks and polynomial fits is constructed to traverse the design space 
* in search of an optimal solution that exhibits improved unsteady 
performance. The procedure combines the power of neural networks and the 
economy of low-order polynomials (in terms of number of simulations 
required and network training requirements). A time-accurate, 
two-dimensional, Navier-Stokes solver is used to evaluate the various 
intermediate designs and provide input s to the optimization procedure. The 
procedure yields a modified design that improves the aerodynamic 
performance through small changes to the reference design geometry. These 
results demonstrate the capabilities of the neural network -based 
design procedure and also show the advantages of including high-fidelity 
unsteady simulations that capture the relevant flow physics in the design 
optimization process. 21 Refs. 
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Abstract: Two new techniques for estimating aircraft stability and 
control derivatives (parameters) from flight data using feed forward neural 
networks are proposed. Both techniques use motion variables and control 
input s as the input file, while aerodynamic coefficients are presented as 
the output file for training a neural network . For the purpose of 
parameter estimation, the trained neural network is presented with a 
suitably modified input file, and the corresponding predicted output file 
°f aerodynamic coefficients is obtained. Suitable interpretation and 
manipulation of such input -output files yields the estimated values of the 
parameters. The methods are validated first on the simulated flight data 
and then on real flight data obtained by digitizing analogue data from a 
published report. Results are presented to show how the accuracy of the 
estimates is affected by the topology of the network, the number of 
iterations and the intensity of the measurement noise in simulated flight 
data. One of the significant features of the proposed methods is that they 



Page 40-79 10825032 
do not require guessing of a reasonable set of starting values of the 
parameters as a popular parameter estimator like the maximum likelihood 
method does. (Author abstract) 1 1 Refs. 
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Abstract: The Computerized System, REPCOMP, developed for damage repair 
of composite structures is an expert system for the design of damage 
repair. REPCOMP provides detail repair instructions and drawings, taking 
into consideration strength and stiffness requirements as well as 
aerodynamics , weight and other design considerations. The REPCOMP 
expert system is being developed for the two major paths in damage 
repair of composite structures which are: Permanent damage repair , 
suitable for long term use of civil and military aircraft. A/C Battle 
Damage Repair (ABDR), suitable for field repair of military aircraft during 
battle. REPCOMP operates on portable computer (PC) using the Microsoft 
Windows graphical environment. It is an independent system and can be used 
in any field repair base, Currently the program handles the ABDR path. 
(Author abstract) 4 Refs. 
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Journal Subject Category: ENGINEERING, MECHANICAL 
Abstract: The losses generated by fluid leaking across the shrouds of 

turbine blade rows are known to form a significant proportion of the 

overall loss generated in low aspect ratio turbines. The use of shrouds 

to encase the tips of turbine blades has encouraged the development of 

many innovative sealing nl arrangements, all of which are intended to 

reduce the quantity of fluid (the leakage fraction) leaking across the 

shroud. Modern sealing arrangements have reduced leakage fractions 

considerably, meaning that further improvements can only be obtained by 

controlling the leakage flow in such a,way so as to minimize the 

aerodynamic losses incurred by the extraction and re-injection of. 

the leakage flow; into the mainstream. There ai-e few published 

experimental investigations on the interaction between mainstream and 

leakage flows to provide guidance on the best means of managing the 

leakage flows to do this. This paper describes the development and 

testing of a strategy to turn the fluid leaking over shrouded turbine 

rotor blade rows with the aim of reducing the aerodynamic losses 

associated with its re-injection into the mainstream flow. The intent 

was to extract work from the leakage flow in the process. A four stage 

research turbine was used to test in detail the sealing design 

resulting from this strategy. A reduction in brake efficiency of 3.5 

percent was measured. Further investigation suggested that much of the 

increase in loss could De attributed to the presence of axial gaps 

upstream and downstream of the shroud cavity which facilitated the 

periodic ingress and egress of mainstream fluid into the shroud cavity 

under the influence of the rotor potential field. This process was 

exacerbated by reductions in the leakage fraction. 
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The components of a framework for the procurement, identification, and 
employment of aerodynamic coefficients are developed. The basic structure 
follows the estimation-before-modeling (EBM) technique. In the EBM 
methodology, state estimation and model determination are broken into two 
independent steps. An extended Kalman-Bucy filter and a modified 
Bryson-Frazier smoother are used to estimate state and force histories from 
a measurement vector. This data is used for maintenance of the 
aerodynamic mapping. The model satisfies the accuracy, smoothness, and 
differentiability requirements demanded by nonlinear control laws. 

<italic>A-priori</italic> information drawn from the entire 
input -space is employed to establish a baseline model. Dynamic-system 
measurements are processed to provide the accurate state and force 
histories required for on-line updates of the identification model. An 
extended-Kalman Bucy filter provides state estimates and in combination 
with a random- walk model accurate force histories. A modified 
Bryson-Frazier smoother refines these estimates based on future 
measurements. 

The identification scheme employs a neural network to provide 
models of aerodynamic coefficients during dynamic-system operation. These 
models are valid over the entire input -output space. Prior to flight, 
<italic>a-priori </italic> data is incorporated into a base neural 
network using a new design and training algorithm. This algorithm 
functions in the face of an eight-dimension input vector. During flight, 
the parameters of the base neural are fixed , and a second set of 
activation functions are available for learning the surface created by the 
difference between the base neural network and the current 
dynamic-system information. The new neural network is demonstrated on a 
longitudinal-motion aircraft model, with static and dynamic training data, 
and its training speed, accuracy, and parsimony abilities versus existing 
neural networks are established. 

The identification framework is used to identify the three 
longitudinal-motion coefficients of a twin-jet, transport aircraft. A 
localized feature is introduced into the lift-coefficient surface and 
performance of the model. The network learns new information from the 



Page 43-79 10825032 
dynamic-training data patterns, without loss of information in regions 
distant from the dynamic maneuvers. Approximation performance is evaluated 
* with respect to both training and generalization data sets. 
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A method to estimate the aerodynamic stability derivatives from 
flight test data using a modification of the classic back propagation 
neural network algorithm is developed. Studies are performed with a 
neural network based on this classic model to examine model 
requirements. Modifications which are original to this work are applied to 
the neural network's learning algorithm to enable association between time 
varying input patterns of vehicle response to correlated sets of stability 
derivatives. Convergence is achieved for a time response at a given flight 
condition. Simultaneous association between multiple time histories and 
related stability derivatives is not demonstrated due to computational 
limits, but proof by analogy is provided for the existence of a solution. 
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FILE SEGMENT: Computer & Information Systems Abstracts 
ABSTRACT: 

This paper describes the results of a study focused on enhancing the performance of a non linear dynamic 
inversion scheme augmented with a 

neural network to cancell the dynamic inversion error. The approach is 
based on adding a pre-trained neural network providing the values of the 
aerodynamic stability and control derivatives required by the dynamic 
inversion calculations, as the aircraft moves throughout its flight 
envelope. Additionally, a comparison is performed using two different 
classes of neural networks (Sigma-Pi and EMRAN algorithms) for the 
cancellation of the dynamic inversion errors. The study is performed using 
the WVU IFCS F-15 simulation environment. The results show that the 
updating of the aerodynamic derivatives reduces the error compensating 
activity of the neural network. Performance improvements in terms of 
tracking error are observed for some maneuvers; however, a significant 
sensitivity to the update rate has been noticed. 

DESCRIPTORS: Dynamic inversion; Neural networks : Flight simulators; 

Nonlinear systems; Flight control systems; F-15 aircraft; Control systems 

design; Error correction ; Aircraft control; NASA programs; Performance 

enhancement; Aerodynamic stability; Flight envelopes; Neurocontrol 
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0000128781 IP ACCESSIONNO: 1886597 
Plan for an automated design method of airfoils. 

Marazzi, R; Ghielmi, L G 

L'AEROTEC. MISSILI SPAZICX, v 66, n 1 , p 18-26, 1987 
PUBLICATION DATE: 1987 

DOCUMENT TYPE: Journal Article 
RECORD TYPE: Abstract 
LANGUAGE: English 

FILE SEGMENT: Computer & Information Systems Abstracts 
ABSTRACT: 

The computer gives the possibility of automatizing the aerodynamic design for aeronautical applications. The first 
step in this direction is the 

adoption of optimization procedures. Subsequently recourse can be made to 
artificial intelligence languages, which permit heuristic knowledges to be 
implemented through a symbolic representation. This article presents a plan 
for the automation of the design of wing airfoils. A possible choice of 
objective function, geometrical and aerodynamic constraints and geometrical 
modification functions used in the optimization procedure applied to a 
concrete case are first indicated. The modification of a lifting 
symmetrical airfoil produced as an example, this being one of the early 
results obtained by the authors. The initial indications for the 
realization of a system expert in the design of airfoils are given in the 
last part of this article. 
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Raol, J. R. 

CONFERENCE: Aeronautical Society of India- Annual general meeting; 47th 
JOURNAL- AERONAUTICAL SOCIETY OF INDIA, 1995; VOL 47; NUMBER 4 P: 

193-199 
The Society, 1995 
ISSN: 0001-9267 

LANGUAGE: English DOCUMENT TYPE: Conference Preprinted papers 
CONFERENCE SPONSOR: Aeronautical Society of India 
CONFERENCE LOCATION: Madras, India 
CONFERENCE DATE: Jan 1996 (19960) 

BRITISH LIBRARY ITEM LOCATION: 4677.000000 
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16/5/25 (Item 2 from file: 65) 
DIALOG(R)File 65:Inside Conferences 
(c) 2007 BLDSC all rts. reserv. All rts. reserv. 

00779767 INSIDE CONFERENCE ITEM ID: CN007617501 
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NUMBER 2 P: 500-509 
AIAA, 1994 
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LANGUAGE: English DOCUMENT TYPE: Conference Papers 
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CONFERENCE DATE: Aug 1994 (199408) 

BRITISH LIBRARY ITEM LOCATION: 6369.400000 
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intelligent flight servos 

(Analyse und Entwurf fortgeschrittener miniaturisierter mechatronischer 
Systeme: Synthese intelligenter Flug-Servos) 
Sinha, ASC; Lyshevski, SE 
University of Indianapolis, USA 

International Journal of Smart Engineering System Design, v4, n2, ppl 15-123 
,2002 

Document type: journal article Language: English 
Record type: Abstract 
ISSN: 1025-5818 

ABSTRACT: 

The flight vehicle performance (flight and handling qualitites, agility, 
controllability, maneuverability, etc.) depends upon flight actuators, 
which displace the control surfaces. Intelligent flight servos must be 
designed to achieve the specified criteria, requirements, and standards. 
Miniscale electromechanical flight actuators are actuated by electric 
servo-motors, and brushless permanent-magnet synchronous machines are 
perfectly suited due to their efficiency, reliability, high torque density, 
low cost and maintenance, simplicity, and ruggedness. However, conventional 
controllers do not ensure the dynamic performance of flight actuators in 
the full operating envelope under rapidly changing flight and environmental 
conditions and aerodynamic loads. An intelligent flight servo is 
designed using the developed neural networks synthesis procedure. The 
Hopfield equations are modified to incorporate delay for finite 
switching. The effect of even small delays due to finite switching for 
composite large networks could be significant, and, therefore, closed-loop 
systems may exhibit delay-induced instability. The results obtained are 
valid for systems without delays if the conditions of the theorems hold. 
These results are applied to illustrate the application of neural 
network-based control systems design for advanced flight servos. It is 
shown that new controllers must be synthesized because synchronous 
servomotors are controlled taking into account the electromagnetic 
features, software, and hardware used. Control signals, which drive 
high-switching transistors (more specifically, MOSFET drivers), are 
developed by the DSP based upon the rotor angular displacement. The DSP 
performs control and decision-making through learning, adaptation, 
reconfiguration, scheduling, and optimization mechanisms. Other functions, 
such as identification, estimation, and diagnostics, can be also performed. 
It is demonstrated that the neural network-based intelligent controllers 
guarantee the specified tracking accuracy, desired deflection rate, and 
disturbance attenuation. The system performance is documented. 

DESCRIPTORS: MECHATRONICS; AEROPLANES; CONTROL SYSTEMS; ARTIFICIAL NEURAL 
NETWORKS; TRANSFER CHARACTERISTICS; AUTOMATIC CONTROL SYSTEMS; DYNAMIC 
BEHAVIOUR 
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Prediction of helicopter component loads using neural networks 
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Journal of the American Helicopter Society, v40, nl, pp72-82, 1995 
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ABSTRACT: 

An artificial neural network is trained using helicopter flight test data 
to predict rotor system component loads during high-speed maneuvering 
flight. Input s to the network include control positions and aircraft state 
parameters. These parameters can be measured easily in the nonrotating 
system, i.e., the fuselage, and vary at a relatively low frequency. A 
network design sensitivity study is conducted and several networks are 
developed for three loads: the rotor blade pushrod load, blade normal 
bending moment, and main-rotor damper load. Prediction accuracy is 
evaluated using a validation data set consisting of symmetric pullout 
maneuvers, rolling pullout maneuvers, and climbing turns not contained in 
the training data set. A traditional statistical approach, stepwise 
multiple linear regression, also is utilized, and the two methods are 
compared and contrasted. Correlation coefficients from 84 to 97 are 
achievable using the neural network model for all three loads. Through a 
unified approach involving both neural network and statistical analysis, 
greater accuracy and understanding of the neural network is attained. 

DESCRIPTORS: GYROPLANES; FLIGHT CHARACTERISTICS; TESTING; ROTARY BLADES- 
ROTARY WINGS; AERODYNAMICS : SENSITIVITY; FORECAST; ARTIFICIAL NEURAL 
NETWORKS: INSERTION PARAMETERS : FREQUENCY RANGES; AIRCRAFT FUSELAGES; 
BENDING MOMENT; IMPACT STRESS; COMPUTING; COMPARISON OF SYSTEMS; REGRESSION 
ANALYSIS; AEROPLANES 

IDENTIFIERS: Hubschrauber; Flugdaten; neuronales Netz 
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Online parameter estimation techniques comparison within a fault tolerant 
Flight Control System 

SONG Yongkyu; CAMPA Giampiero; NAPOLITANO Marcello; SEANOR Brad; 
PERHINSCHI Mario G 

Hankuk Aviation University, Kyonggido 412-791, Korea, Republic of; West 
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Journal: Journal of guidance, control, and dynamics, 2002 , 25 (3) 
528-537 

ISSN: 0731-5090 CODEN: JGCODS Availability: INIST- 1905 8 
Number of Refs.: 26 reference 
Document Type: P (Serial) ; A (Analytic) 
Country of Publication: United States 
Language: English 

The results of a study where two online parameter identification (PID) 
methods are compared for application within a fault tolerant flight control 
system are described. One of the PID techniques is time-domain based, 
whereas the second is featured in the frequency domain. The time-domain 
method was directly suitable for the online estimates of the dimensionless 
aircraft stability derivatives. The frequency-domain method was modified 
from its original formulation to provide direct estimates of the stability 
derivatives. This effort was conducted within the research activities of 
the NASA Intelligent Flight Control System F-15 program. The comparison is 
performed through dynamic simulations with a specific procedure to model 
the aircraft aerodynamics following the occurrence of a battle 
damage/failure on a primary control surface. The two PID methods show 
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similar performance in terms of accuracy of the estimates, convergence 

time, and robustness to noise. However, the frequency-domain-based method 

outperforms the time-domain-based method in terms of computational 

requirements for online real-time applications. The study has also 

emphasized the advantages of using ad hoc short preprogrammed maneuvers to 

provide enough excitation following the occurrence of the actuator failure 

to allow the parameter estimation process. 

English Descriptors: Parameter estimation; System identification; Fault 
tolerant system ; Fault tolerance; Intelligent system ; Aircraft; 
Intelligent control; Differential integral proportional control; 
Robustness; Flight; Aerodynamics ; Damaging; Failures ; Rupture; 
Dynamic model; Modeling; Frequency domain method; Time domain method 
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Author(s): Huiyuan Fan 

Author Affiliation: Turbo & Jet Engine Laboratory, Technion-Israel Inst, of 
Technol., Haifa, Israel 
Journal: Engineering Computations vol.19, no.8 p.970-89 
Publisher: Emerald, 

Publication Date: 2002 Country of Publication: UK 

CODEN: ENCOEN ISSN: 0264-4401 
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Material Identity Number: N8 16-2002-008 

DOI: 10.1108/02644400210450378 

Language: English Document Type: Journal Paper (JP) 

Treatment: Theoretical (T) 

Abstract: In this paper, a modification strategy is proposed for the 
particle swarm optimization (PSO) algorithm. The strategy adds an adaptive 
scaling term into the algorithm, which aims to increase its convergence 
rate and thereby to obtain an acceptable solution with a lower number of 
objective function evaluations. Such an improvement can be useful in many 
practical engineering optimizations where the evaluation of a candidate 
solution is a computationally expensive operation and consequently finding 
the global optimum or a good sub-optimal solution with the algorithm is too 
time consuming, or even impossible within the time available. The modified 
PSO algorithm was empirically studied with a suite of four well-known 
benchmark functions, and was further examined with a practical application 
case, a neural - nehvork -based modeling of aerodynamic data. The 
numerical simulation demonstrates that the modified algorithm 
statistically outperforms the original one. (17 Refs) 

Subfile: C 

Descriptors: convergence; evolutionary computation; optimisation; search 
problems 

Identifiers: particle swarm optimization; modification strategy; search 
process; large scale search; convergence; genetic algorithms; adaptive 
scaling; global optimum; sub-optimal solution 

Class Codes: CI 180 (Optimisation techniques); CI 230 (Artificial 
intelligence) 

Copyright 2003, IEE 
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...Abstract: four well-known benchmark functions, and was further 
examined with a practical application case, a neural - network -based 
• modeling of aerodynamic data. The numerical simulation demonstrates that 
th e modified algorithm statistically outperforms the original one. 
2002 
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Neural network for aeroelastic analysis 
Inventor: HAUDMCH DP... 

..;pptdm 

Alerting Abstract ...NOVELTY - An input module receives input parameters 
associated with aeroelastic characteristics of a structure. A neural 
network module generates transformation of input parameters to produce 
aeroelastic analysis result based on a trained neural network.... 
aeroelastic analysis method ; and aeroelastic analysis program. 
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...USE - For analyzing aeroelastic characteristic of structure such as 
stabilator , wind, elevator, canard, aileron, flap, spoiler, stabilizer, 
tail section and rudder of aircraft... 

...ADVANTAGE - Obtains aeroelastic analysis result easily at low cost . 

...DESCRIPTION OF DRAWINGS - The figure shows the functional block diagram 
of the aeroelastic analysis system. 
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A system and method of performing aeroelastic analysis using a neural 
network. Input parameters, such as mass and location, contributing to 
aejnoelastic characterization are determined ajjd constrained. A model of 
a structure to be analyzed can be constructed. The model can include a 
number of locations where the input parameters can be varied. The 
aeroelastic characteristic of the structure can be analyzed using a 
finite element model to determine a number of output characteristics... 

...of a plurality of input samples. A neural network can be generated for 
determining the aeroelastic characteristic based on input parameters. 
The input sample/output characteristic pairs can be used to train the 
neural network... 

...neural network can be used to generate a non-linear transfer function 
that generates the aeroelastic characteristic in response to input 
parameters. 
Claims: 

<b>K/b>. An aeroelastic analysis system, the system comprising:an 
input module configured to receive one or more input parameters associated 
with aeroelastic characteristics of a structure; anda neural network 
module coupled to the input module, and configured to generate a 
transformation of the one or more input parameters to produce at least one 
aeroelastic analysis result, the transformation based in part on a 
trained neural network. 
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ABSTRACT: 

... of the 'Most Critical* or lowest flutter speed . The new technique 
utilized an Artificial Neural Acroelastic Network (AN 2 ) that was 
trained on flutter data to predict flutter speeds as the... 
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ABSTRACT: 

... unsteady transonic sm all-disturbance (TSD) codes, XTRAN3S and CAP- 
TSD, were used to perform aeroelastic analyses of four fighter aircraft 
configurations. The XTRAN3S code was used for a wing alone... 

...a wing, launcher, and tip missile arrangement of the F/A-18. Static and 
dynamic aeroelastic calculations were performed using both the linear and 
the nonlinear forms of the small- disturbance... 

...wing alone flutter results and those from a linear flutter analysis 
computed using Doublet Lattice aerodynamics . These comparisons show good 
agreement for the linear aerodynamics TSD solutions but significant 
changes in the flutter speed for the nonlinear aerodynamic TSD solutions. 
Comparisons were also made for the eanard/wing/tail and the wing /launcher 
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ABSTRACT: 

This paper documents input data conditioning, input parameter selection, structure, training, and validation of 
neural network models 

of the active Aeroelastic wing aircraft. Neural networks can account 
for uncharacterized nonlinear effects and retain generalization capability. 
Model input s include aircraft rates, accelerations, and control surface 
positions. Linear loads models were developed for network training starting 
points. The models were trained with rolls, loaded reversals, windup turns, 
and individual control surface doublets for load excitation. Data results 
from all loads models at Mach 0.90 and altitude of 15,000 ft. show an 
average model prediction error reduction of 18.6 percent. 

DESCRIPTORS: Neural networks ; Aircraft; Mathematical models; Aircraft 

components; Training; Control surfaces; Error reduction; Active control; 
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ABSTRACT: 

Advanced structural systems are required to have specific functions associated with operating environments. This article 
introduces some 

analytic and experimental research results on the application of smart 
materials, especially shape memory alloy, optical fiber, and piezoelectric 
materials. The first part presents the thermo-mechanical responses of the 
shape memory alloy hybrid composite (SMAHC) cylindrical panels. SMA wires 
are embedded in neutral plane of the panel with residual strain so that the 
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recovery stress generated by shape memory effect (SME) can modify the 
structure stiffness and enhance the adaptability under thermal buckling. 
v The second one is about the application of fiber optic sensor systems to 
the vibration measurement and suppression. The dynamic sensing 
characteristics of fiber optic sensors were explored and the vibration 
measurement and suppression of composite structures have been performed. In 
addition, the stability boundary evaluation and the suppression of dynamic 
neroelastic instability have been investigated utilizing piezoceramic 
actuators and adaptive controller based on neural - networks . (Example 
materials: graphite fiber reinforced plastics.) 
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Hybrid composites; Shape memory alloys; Optical fibers; Neural 
networks ; Vibration measurement; Smart materials; Composite structures; 
Fiber optics; Sensors; Adaptive control systems; Dynamic tests; Actuators 
; Piezoelectric ceramics; Thermal buckling; Stresses; Stiffness; 
Vibration control 

SUB J CATG: 61, Design Principles 



22/5/3 

DIALOG(R)File 14:MechanicaI and Transport Engineer Abstract 
(c) 2007 CSA. All rts. reserv. 

0000407345 IP ACCESSION NO: 200304- 1 1 -0392 
Neural network approach for nonlinear aeroelastic analysis 

Voitcu, O; Wong, Y S 

Alberta, University, Edmonton, Canada [Voitcu] 

Journal of Guidance, Control, and Dynamics, v 26, n 1, p 99-105, Jan. 2003 
PUBLICATION DATE: 2003 



PUBLISHER: American Institute of Aeronautics and Astronautics, The 
Aerospace Center, 370 L'Enfant Promenade, SW, Washington, DC, 20024 
COUNTRY OF PUBLICATION: USA 

CONFERENCE: 
, UNITED STATES 

DOCUMENT TYPE: Journal Article 
RECORD TYPE: Abstract 
LANGUAGE: ENGLISH 
ISSN: 0731-5090 

NOTES: AIAA Dispatch; Voice: 800 662 1545; Fax: 816 926 8794; E-Mail: 

dispatch@aiaa.org 

NO. OF REFS.:28 
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ABSTRACT: 

A new approach is proposed, based on the use of artificial neural networks , for predicting nonlinear aeroelastic 
oscillations. Our objective is to reconstruct the asymptotic state of the nonlinear behavior 
of an aeroelastic model when only a limited segment of the transient data 
is known. An original neural network architecture is proposed and is 
used to predict the nonlinear motions of an aeroelastic system modeling a 
self-excited two-degree-of- freedom airfoil oscillating in pitch and plunge. 
When a segment of the transient state of the given signal is used for 
training, the neural network is capable of correctly predicting the 
corresponding limit-cycle oscillations, damped oscillations, or unstable 
divergent oscillations. The network training set consists of numerically 
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generated data or data obtained from a wind-tunnel experiment. A neural 
network used in conjunction with wavelet decomposition is presented; it 
is shown to be capable of extracting the values of the damping coefficients 
and frequencies from the predicted signal. Neural networks , thus, are 
proving to be useful tools in nonlinear aeroelastic analysis. (Author) 
DESCRIPTORS: Neural networks ; Mathematical models; Numerical analysis; 

Airfoils; Aeroelasticify ; Oscillations; Dynamic tests; Damping; 

Nonlinear dynamics; Mathematical analysis; Wind tunnels; * Airfoil 

oscillations; * Aeroelastic stability; * Neural nets ; *Self 
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damping; Nonlinear equations; Asymptotic methods; Transient oscillations; 
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FILE SEGMENT: Mechanical & Transportation Engineering Abstracts 
ABSTRACT: 

The Adaptive Neural Control of Aeroelastic Response (ANCAR) program is a joint R&D effort conducted by 
McDonnell Douglas Aerospace (NASA/Langley). 
The goal is to cooperatively develop the smart structure technologies 
necessary for alleviating undesirable vibration and aeroelastic response 
associated with highly flexible structures. Adaptive control can reduce 
aeroelastic response associated with buffet and atmospheric turbulence, 
it can increase flutter margins, and it may be able to reduce response 
associated with nonlinear phenomenon like limit cycle oscillations. Phase I 
of the ANCAR problem involved development and demonstration of a neural 
network -based semi-adaptive flutter suppression system which used a 
neural network for scheduling control laws as a function of Mach number 
and dynamic pressure. This controller was tested along with a robust 
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fjxed ygain control law in NASA's Transonic Dynamics Tunnel utilizing the 
Benchmark Active Controls Testing wing. This paper presents the results of 
' Phase I testing as well as the development progress of Phase II. (Author) 
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ABSTRACT: 

Topics addressed include the development of the coupled rotor- fuselage model, maximum operational 
effectiveness on RAH-66 Comanche, advanced 

helicopter pilotage visual requirements, Navy success in modification 
installation management, improved static and dynamic performance of 
helicopter powerplant, Navier-Stokes correlations to fuselage wind tunnel 
test data, a Taguchi analysis of helicopter maneuverability and agility, 
and thermoplastic applications in helicopter components. Also discussed are 
Mi-26 autorotational landings, improvements in hover display dynamics for a 
combat helicopter, prediction of rotorcraft transmission noise, an optimal 
composite curing system, helicopter rotor blade flap vibratory loads, 
cost/weight savings for the V-22 wing stow, helicopter response to 
atmospheric turbulence, a hover performance analysis of advanced rotor 
blades, scaling of energy absorbing composite plates, an avionics 
troubleshooting system, and an integrated navigation system for tactical 
helicopters. (AIAA) 

DESCRIPTORS: Helicopters; Dynamic tests; Dynamics; Troubleshooting; 
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DOCUMENT TYPE: Conference 
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ABSTRACT: 

The present conference on flight testing encompasses avionics, flight- testing programs, technologies for flight-test 
predictions and 

measurements, testing tools, analysis methods, targeting techniques, and 
flightline testing. Specific issues addressed include flight testing of a 
digital terrain- following system, a digital Doppler rate-of-descent 
indicator, a high-technology testbed, a low-altitude air-refueling 
flight-test program, techniques for in-flight frequency-response testing 
for helicopters, limit-cycle oscillation and flight- flutter testing, and 
the research flight test of a scaled unmanned air vehicle. Also addressed 
are AV-8B V/STOL performance analysis, incorporating pilot-response time in 
failure -case testing, the development of pitot static flightline testing, 
targeting techniques for ground-based hover testing, a low-profile 
microsensor for aerodynamic pressure measurement, and the use of a 
variable-capacitance accelerometer for flight-test measurements. (CCS.) 
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FILE SEGMENT: Mechanical & Transportation Engineering Abstracts 
ABSTRACT: 

Fourteen years ago the Boeing Company began the development of an interfaced, modular, knowledge-based 
structural analysis system which would 

serve as a rapid, efficient and accurate design and analysis tool. This 
paper describes specific details of the resulting Interfaced Structural 
Analysis System (IS AS) and presents examples of its usage within the Boeing 
Company. Specific applications in the multidisciplinary/structural 
optimization and aeroelastic tailoring fields are included. Future 
directions and current modifications, such as, the use of microcomputers in 
a work station environment, are also presented. (Author) 
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ABSTRACT: 

Nonlinear unsteady aerodynamic effects present major modeling difficulties in the analysis and control of 
aeroelastic response. A 

rigorous mathematical framework that can account for the complex 
nonlinearities and time-history effects of the unsteady aerodynamic 
response is provided by the use of functional representations. A recent 
development, based on functional approximation theory, has achieved a new 
functional form; namely, multilayer functionals. The development of a 
multilayer functional for discrete-time, finite memory, causal systems has 
been shown to be realizable via finite impulse response neural networks 
. Identification of an appropriate temporal neural network model of the 
nonlinear transonic aerodynamic response is facilitated via a supervised 
training process using multiple input - output sets, with data obtained 
by an Euler CFD code. The training process is based on a genetic algorithm 
to optimize the network architecture, combined with a random search 
algorithm to update weight and bias values. The approach is examined for 
two different multiple aerodynamic input-output data sets, and in both 
cases, the prediction properties of the network model establish the 
multilayer functional as a suitable representation of unsteady aerodynamic 
response. (Author) 

DESCRIPTORS: Aerodynamics; Mathematical models; Neural networks ; 
Computational fluid dynamics; Aeroelasticity ; Genetic algorithms; 
Nonlinearity; Loads (forces); * Aeroelasticity : *Aerodynamic loads; 
♦Prediction analysis techniques; *Parameter identification; * Unsteady 
aerodynamics; *Transonic flow; *Fluid-structure interaction; *Functionals 



Page 69-79 1 0825032 

30/5.3 

DIALOG(R)File 14:Mechanical and Transport Engineer Abstract 
* (c) 2007 CSA. All rts. reserv. 

0000341088 IP ACCESSION NO: 200201-62-2209 

Identification and prediction of unsteady transonic aerodynamic loads by 

multi-layer flinctionals. 
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PUBLICATION DATE: 2001 



PUBLISHER: Academic Press, Inc. Ltd., 24-28 Oval Rd., London, NW1 7DX 
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FILE SEGMENT: Mechanical & Transportation Engineering Abstracts 
ABSTRACT: 

Nonlinear unsteady aerodynamic effects present major modeling difficulties in the analysis and control of 
aeroelastic response. A 

rigorous mathematical framework that can account for the complex 
nonlinearities and time-history effects of the unsteady aerodynamic 
response is provided by the use of functional representations. A recent 
development, based on functional approximation theory, has achieved a new 
functional form; namely, multilayer flinctionals. The development of a 
multilayer functional for discrete-time, finite memory, causal systems has 
been shown to be realizable via finite impulse response neural networks 
. Identification of an appropriate temporal neural network model of the 
nonlinear transonic aerodynamic response is facilitated via a supervised 
training process using multiple input - output sets, with data obtained 
by an Euler CFD code. The training process is based on a genetic algorithm 
to optimize the network architecture, combined with a random search 
algorithm to update weight and bias values. The approach is examined for 
two different multiple aerodynamic input - output data sets, and in both 
cases, the prediction properties of the network model establish the 
multilayer functional as a suitable representation of unsteady aerodynamic 
response. (Author) 

DESCRIPTORS: Aerodynamics; Mathematical models; Neural networks : 
Computational fluid dynamics; Aeroelasticity ; Genetic algorithms; 
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*Prediction analysis techniques; *Parameter identification; *Unsteady 
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i Neural nets : Euler equations of motion; Machine learning ; 
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Flutter speed prediction during flight flutter testing using neural 

networks 

Cooper, J E; Crowther, W J 
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PUBLICATION DATE: 1999 
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NO. OF REFS.: 15 

FILE SEGMENT: Mechanical & Transportation Engineering Abstracts 
ABSTRACT: 

Flight flutter testing is a crucial part in the certification of a prototype aircraft. The flight envelope must be 
expanded safely; however, 

there is always the pressure to complete the tests as quickly as possible. 
Although there will be an aeroelastic model of the system for comparison, 
the decision to proceed to the next test point is usually based upon the 
modal parameters estimated from the flutter test data. A number of 
different methods have been proposed to determine the speed at which 
flutter occurs; however, the most commonly used approach is simply to 
extrapolate the estimated damping ratios. In this paper, a method for the 
prediction of flutter speed from flutter test data is proposed based upon 
the use of Neural Networks . The method is demonstrated upon a simulated 
aeroelastic model. (Author) 
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LANGUAGE: English 

REPORT NO: NASA/CP- 1 999-209 136/PT 1 & PT 2 

NOTES: For individual items see A99-34277 to A99-34347 

FILE SEGMENT: Mechanical & Transportation Engineering Abstracts 

ABSTRACT: 

The present two-volume collection of papers on aeroelasticitv and structural dynamics discusses CFD, flexible 
aircraft, multidisciplinary 

design optimization, limit cycle oscillation, test methods, tiltrotor, 
panel flutter , and landing dynamics. Attention is given to certification, 
flutter control, structural optimization, reduced-order models, 
nonlinearity, and linear methods. Other issues addressed include 
aeroelastic applications, structure and aerodynamics integration, 
nonlinear flutter, devices, buffet, aeroelastic tailoring, 
fluid-structure interaction, and system modeling. Specific topics 
considered include limit cycle oscillation prediction using artificial 
neural networks , computer-controlled normal mode tuning, multibody 
analysis of an active control for a tiltrotor, nonlinear transient whirl 
vibration analysis of aircraft brake systems, aeroelasticitv simulations 
in turbulent flows, and a survey of shape parameterization techniques. 
(AIAA) 
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FILE SEGMENT: Mechanical & Transportation Engineering Abstracts 

ABSTRACT: 

The present volume on innovation in rotorcraft technology discusses high-speed alternatives to conventional 
rotorcraft, new perspectives on an 

advanced compound helicopter, design considerations for next-generation 
rotors, and a future multirole, mission-adaptable air-vehicle concept. 
Attention is given to carefree handling and control augmentation for 
rotorcraft, virtual reality in the Apache cockpit, prediction of usable FOV 
limits for future rotorcraft helmet mounted displays, and the application 
of Direct Voice Input to battlefield helicopters. Other topics addressed 
include obstacle detection for helicopters, the promise of adaptive 
materials for alleviating aeroelastic problems, a novel method for 
reducing blade- vortex interaction noise, and the main sources of helicopter 
vibration and noise emissions and adaptive concepts to reduce them. (AIAA) 
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Parameter estimation of an aeroelastic aircraft using neural networks 
v S C RAISINGHANI and A K GHOSH 
Department of Aerospace Engineering, Indian Institute of Technology Kanpur, 
Kanpur208 016, India 

Abstract. Application of neural networks to the problem of aerodynamic modelling and parameter estimation for 

Aeroelas tic aircraft is addressed. A neural model capable of predicting generalized force and moment coefficients using 

measured motion and control variables only, without any need for conventional normal elastic variables or their time 

derivatives, is proposed. Furthermore, it is shown that such a neural model can be used to extract equivalent 

stability and control derivatives of a flexible aircraft. Results are presented for aircraft with different levels of flexibility to 

demonstrate the utility of the neural 

approach for both modelling and estimation of parameters. 



Estimation of Aeroelastic Parameters of Bridge Decks Using Neural Networks 

J. Engrg. Mech., Volume 130, Issue 11, pp. 1356-1364 (November 2004) 

Sungmoon Jung,l S.M.ASCE; Jamshid Ghaboussi,2 M.ASCE; and Soon-Duck Kwon3 

(Accepted 4 April 2004) 

A new method of estimating flutter derivatives using artificial neural networks is proposed. Unlike other computational 
fluid dynamics based numerical analyses, the proposed method estimates flutter derivatives utilizing previously measured 
experimental data. One of the advantages of the neural networks approach is that they can approximate a function of many 
dimensions. An efficient method has been developed to quantify the geometry of deck sections for neural network input . 
The output of the neural network is flutter derivatives. The flutter derivatives estimation network, which has been trained 
by the proposed methodology, is tested both for training sets and novel testing sets. The network shows reasonable 
performance for the novel sets, as well as outstanding performance for the training sets. Two variations of the proposed 
network are also presented, along with their estimation capability. The paper shows the potential of applying neural 
networks to wind force approximations. 
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AMERICAN CONTROL CONFERENCE Paper # ACC99-AIAA0004 / FP08-1 

A NEURAL NETWORK-BASED APPROACH TO ACTIVE STRUCTURAL MODE SUPPRESSION FOR 
FLEXIBLE TRANSPORT AIRCRAFT 

Eugene Y. Lavretsky 

Dennis K. Henderson 

Phantom Works 

The Boeing Company 

2401 E. Wardlow Rd. MC CO78-0420 

Long Beach, CA 90807-5309 

ABSTRACT: The dynamics of the first few structural bending modes in large, flexible transport aircraft are typically 
characterized by low frequency and light damping. In a scenario where the frequencies of these modes are in close 
proximity with the rigid body modes, notch filtering yields undesirable results, and active control must be used to suppress 
structural excitation. This paper develops a methodology for the design of a structural mode suppression system using an 
ordered neural network-based approach. The resulting control system is robust over a set of linear plant models, which are 
used as a training set during the neural control design process for the original non-linear system. 

Cited reference Rodden, W. P., and Johnson, E. H., "MSC / NASTRAN, Aeroelastic Analysis", The MacNeal-Schwendler 
Corporation, 1994. 



Torsional Vibrations of Pre-Twisted Blades using Artificial Neural Network Technology 

M. A. Rao and J. Srinivas 

Department of Mechanical Engineering, Andhra University, Visakhapatnam, A.P. India 

Abstract. The free torsional vibrations of a linearly tapered, twisted flexible blade, rotationally constrained at an arbitrary 
position along the length of blade, have been investigated using neural networks. The blade has a rectangular cross-section 
with equal taper in the horizontal and 

vertical planes, in addition to the flexibility at the root portion. The constraint is a rotational spring. The constraint on the 

blade at an optimum location is designed so as to increase the lowest natural frequency of the blades with 

considerable root flexibility. The optimum location is determined as the position of the node in the second mode shape of 
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the unconstrained tapered blade with flexible roots. A trained Neural Network is used to identify the location of the nodal or 

optimum point for a given blade-taper ratio and root flexibility parameter. The minimum stiffness of the constraint 

at an optimum position for a maximum raise in the first eigenfrequency is evaluated. Results are presented in tabular and 

graphical form. 

Keywords. Artificial neural networks; Back propagation algorithm; Mode shapes; Root flexibility; 
Taper-rotational constraint; Torsional frequencies 

Cited reference Celi, R., Friedmann, P. P. (1990) Structural optimization with Aeroelastic constraints of rotor blades with 
straight and swept tips. AIAA Journal, 28(5), 928-936 
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Multi-Objective Aeroelastic Optimization 

Corporate Author : DAIMLER CHRYSLER AEROSPACE MUNICH (GERMANY) MILITARY AIRCRAFT 
Personal Author(s) : Stettner, M. ; Haase, W. 
Report Date : JUN 2000 

Abstract : The present work is aiming at an Aeroelastic analysis of the X31 delta wing and particularly at the Aeroelastic 
optimization problem of maximizing the aerodynamic roll rate and minimizing the structural weight at supersonic flow 
speeds. Results are achieved by means of a multi-objective genetic algorithm (GA) utilizing a GUI-supported software 
being a developed in the European-Union funded ESPRIT project FRONTIER. 



Aeroelasticity 

by Raymond L. Bisplinghoff, Holt Ashley and Robert L. Halfman.-- Mineola: Dover Publication, 1996 
ix, 860p. 

ISBN : 0-486-69189-6. 
629.132362 N96"R(T)" 177266 

IDENTIFICATION AND PREDICTION OF UNSTEADY TRANSONIC AERODYNAMIC LOADS BY MULTI- 
LAYER FUNCTION ALS 

F. D. MARQUESa and J. ANDERSONb 

a Departamento de Engenharia Mecanica, Universidade de Sao Paulo, Cx. Postal 359, 13560-970, Sao Carlos, SP, Brazil 
b Department of Aerospace Engineering, University of Glasgow, Glasgow, G12 8QQ, Scotland, U.K. 
Received 25 June 1998; accepted 22 June 2000. ; Available online 1 March 2002. 

Abstract 

Nonlinear unsteady aerodynamic effects present major modelling difficulties in the analysis and control of Aeroelastic M 
M hit2" \1 M hit2" response. A rigorous mathematical framework, that can account for the complex nonlinearities and time- 
history effects of the unsteady aerodynamic response, is provided by the use of functional representations. A recent 
development, based on functional approximation theory, has achieved a new functional form; namely, multi-layer 
functional. The development of a multi-layer functional for discrete-time, finite memory, causal systems has been shown 
to be realizable via finite impulse response \1 "hitl" \1 "hitl"neural\l "hit3" \1 M hit3" networks. Identification of an 
appropriate temporal \1 "hit2" \1 "hit2"neural\l "hit4" \1 ,, hit4" network model of the nonlinear transonic aerodynamic 
response is facilitated via a supervised training process using multiple input- output sets, with data obtained by an Euler 
CFD code. The training process is based on a genetic algorithm to optimize the network architecture, combined with a 
random search algorithm to update weight and bias values. The approach is examined for two different multiple 
aerodynamic input- output data sets, and in both cases, the prediction properties of the network model establish the multi- 
layer functional as a suitable representation of unsteady aerodynamic response. 



Automatic updating of large aircraft models using experimental data from ground vibration testing 
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Gftttingen, Germany 

* Received 21 May 2002; revised 27 June 2002; accepted 5 July 2002. ; Available online 24 October 2002. 
Abstract 

The Aeroelastic W "hit2" \1 "hit2" stability \1 "hid" \1 "hitl "certificationU "hit3" \1 "hit3" of today's civil aircraft structures 
requires validated analytical models which have to meet high flutter calculation, fan-blade-off and windmilling \1 "hit2" \1 
"hit2 ,f certification\l "hit4" \1 "hit4" calculation standards. The dynamic model of the aircraft must be validated in such a 
way that the dynamic behaviour of the aircraft is reproduced nearly exactly in order to reflect real scenarios when infuriate 
extreme or flight loads on the model. In addition, the dynamic model must be an accurate representation in order to predict 
the behaviour of the structure with regard to different boundary conditions. In view of shorter testing times or large-scale 
civil aircraft this topic will increase in importance in the future since correct free-free boundary conditions are very severe 
to realize during ground vibration testing (GVT). The above mentioned application fields illustrate the all-important role of 
the validated analytical model within the scope of civil aeronautics. The aim of this study was to find a new way of 
updating analytical models of large aircraft by using modal data obtained by GVT in order to save time during model 
validation. A strategy is presented in this article for validating the finite element (FE) model of a civil four-engine aircraft 
using a computational model updating (CMU) method 
Wing instability of a full composite aircraft 

Mahmood M. ShokriehU f 'm4.cor*" M "m4.cor*", mailto:shokrieh@iust.ac.ir mailto:shokrieh@iust.ac.irand Fathollah 
Taheri Behrooz 

Mechanical Engineering Department, Iran University of Science and Technology, Narmak, Tehran 16844, Iran 
Aeroelastic ity of morphing wings using neural networks 

by Natarajan, Anand, Ph.D., Virginia Polytechnic Institute and State University, 2002, 144 pages; AAT 3 1 10283 
Abstract (Summary) 

In this dissertation, neural networks are designed to effectively model static non-linear Aeroelastic problems in adaptive 
structures and linear dynamic Aeroelastic systems with time varying stiffness. The use of adaptive materials in aircraft 
wings allows for the change of the contour or the configuration of a wing (morphing) in flight. The use of smart materials, 
to accomplish these deformations, can imply that the stiffness of the wing with a morphing contour changes as the contour 
changes. For a rapidly oscillating body in a fluid field, continuously adapting structural parameters may render the wing to 
behave as a time variant system. Even the internal spars/ribs of the aircraft wing which define the wing stiffness can be 
made adaptive, that is, their stiffness can be made to vary with time. The immediate effect on the structural dynamics of the 
wing, is that, the wing motion is governed by a differential equation with time varying coefficients. The study of this 
concept of a time varying torsional stiffness, made possible by the use of active materials and adaptive spars, in the 
dynamic Aeroelastic behavior of an adaptable airfoil is performed here. 

Another type of Aeroelastic problem of an adaptive structure that is investigated here, is the shape control of an adaptive 
bump situated on the leading edge of an airfoil. Such a bump is useful in achieving flow separation control for lateral 
directional maneuverability of the aircraft. Since actuators are being used to create this bump on the wing surface, the 
energy required to do so needs to be minimized. The adverse pressure drag as a result of this bump needs to be controlled 
so that the loss in lift over the wing is made minimal. The design of such a "spoiler bump" on the surface of the airfoil is an 
optimization problem of maximizing pressure drag due to flow separation while minimizing the loss in lift and energy 
required to deform the bump. One Neural Network is trained using the CFD code FLUENT to represent the aerodynamic 
loading over the bump. A second Neural Network is trained for calculating the actuator loads, bump displacement and lift, 
drag forces over the airfoil using the finite element solver, ANSYS and the previously trained neural network. This non- 
linear Aeroelastic model of the deforming bump on an airfoil surface using neural networks can serve as a fore-runner for 
other non-linear Aeroelastic problems. 



Artificial Neural Network p rediction of aircraft Aeroelastic behavior 

by Pesonen, Urpo Juhani, Ph.D., Wichita State University, 2001, 159 pages; AAT 3032139 

Abstract (Summary) 

An Artificial Neural Network that predicts Aeroel astic behavior of aircraft is presented. The neural net was designed to 
predict the shape of a flexible wing in static flight conditions using results from a structural analysis and an aerodynamic 
analysis performed with traditional computational tools. To generate reliable training and testing data for the network, an 
Aeroelastic analysis code using these tools as components was designed and validated. To demonstrate the advantages and 
reliability of Artificial Neural Networks, a network was also designed and trained to predict airfoil maximum lift at low 
Reynolds numbers where wind tunnel data was used for the training. Finally, a neural net was designed and trained to 
predict the static Aeroelastic behavior of a wing without the need to iterate between the structural and aerodynamic solvers. 
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Virtual reality saves money! 

Dave Harrold. Control Engineering. Barrington: Oct 2000. Vol. 47, Iss. 1 1 ; pg. 36, 5 pgs 
Abstract (Summary) 

More and more companies are learning, often the hard way, that investments in simulations can save time and money. 
Simulations are really imitations that take on the appearance, form, or sound of something that is, or could be real. Use of 
simulations to assist in the design of stuff has blossomed since the proliferation of desktop personal computers, windows 
user environment, and modular software development techniqes. An are often overlooked as a simulation candidate is 
business planning. Once business strategies for becoming more flexible and agile move from the handwaiving and 
overhead projection arena, entire business processes will ened to be designed, analyzed, and reengineered. 



In the United States, design simulation software from javascript: void(0);MSC.Software (Los Angeles, Calif.) is recognized 
by the Federal Aviation Agency as an accepted standard for design and analysis of stress, vibration, heat-transfer, acoustics, 
and Aeroelasticity for airframe manufacturers seeking design certification. 

The MacNeal-Schwendler Corp. Issues "Call for Papers" for Second Worldwide Aerospace Conference 

Business Editors. Business Wire. New York: Oct 28, 1998. pg. 1 
Abstract (Summary) 

Oct 28, 1998-The MacNeal-Schwendler Corp. (NYSE:MNS)(MSC) has issued a Call for Papers to be presented at its 
Second Worldwide Aerospace Conference, June 7-10, 1999. 

The conference will be held at the Hyatt Regency in Long Beach, Calif Papers are being solicited in the design and 
certification of aerospace vehicles, covering such applications as structural dynamics, Aeroelasticity » optimization, test 
correlation, thermal, and stress analysis. 



AT AA Journal 



Neural-network-based controller for nonlinear Aeroelasric system ' 

Ku, C-S, Hajela, P. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Feb 1998. Vol. 36, Iss. 
2; pg. 249, 7 pgs 
Abstract (Summary) 

Attenuation of vibratory response is an important design consideration in many aeroelastic systems and active methods of 
vibration reduction have been studied extensively. The use of artificial neural networks is explored as an approach for 
developing robust control strategies. 



Neural networks for inverse problems in damage identification and optical imaging 

Yong Y Kim, Rakesh K Kapania. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Apr 
2003. Vol. 41, Iss. 4; pg. 732 
Abstract (Summary) 

Artificial neural networks (ANNs) are employed in solving inverse problems in damage detection in structures, as well as 
detection, using optical imaging, of an anomaly in a light-diffusive media, such as a human tissue. Both of these problems, 
namely, identifying the damage parameters in a damaged structure and identifying the representative properties in a tissue, 
require solving highly complex inverse problems. The neural networks (NNs) for both problems are similar, and a method 
found suitable for solving one type of problem can be applied for solving the other type of problem. In the damage 
identification problem, the natural frequencies of a damaged beam model obtained from analytical and numerical methods 
were used to identify damage parameters by employing feedforward backpropagation, and also radial basis NNs. In the 
optical imaging problem, the tissue under investigation was illuminated by a number of near-infrared light sources placed 
around the circumference of the tissue. Both the location and the size of the anomaly were identified by studying the 
influence of the anomaly on the light intensity received at the boundary of the tissue. The near-infrared light measurements 
are assumed to be available at a number of light detector positions, also along the circumference of the tissue. NNs were 
used to determine the location and the size of the anomaly in a tissue. The direct problem for the case of optical imaging 
was solved using the finite element method to generate the training and testing sets for NNs. 
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Faul* classification using pseudomodal energies and neural networks 

Tshilidzi Marwala. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Jan 2003. Vol. 41, Iss. 

* i;pg. 82 

Abstract (Summary) 

A new fault identification method is introduced that uses pseudomodal energies to train neural networks. The proposed 
procedure is tested on a simulated cantilevered beam and a population of 20 cylindrical shells, and its performance is 
compared to that of the procedure that uses modal properties to train neural networks. Both the cantilevered beam and 
cylindrical shells are divided into three substructures, and faults are introduced into these substructures. The cylinder is 
excited using modal hammer, and acceleration is measured using an accelerometer. Each fault case is assigned a fault 
identity with the presence of fault represented by a 1, whereas the absence of fault is represented by a 0. Following this 
fault representation scheme, a fault located in substructure 1 would have an identity of [1 0 0], with two zeros indicating the 
absence of faults in substructures 2 and 3. The Neural Network used is a multilayer perceptron trained using scaled 
conjugate method. The statistical overlap factor and principal component analysis are used to reduce the size of the input 
data. For both examples the pseudomodal-energy-trained neural networks provide better classification of faults than the 
networks trained using the conventional modal properties. 

Structural integrity redesign through neural-network inverse mapping 

R M Pidaparti, S Jayanti, M J Palakal, S Mukhopadhyay. American Institute of Aeronautics and Astronautics. AIAA 
Journal. New York: Jan 2003. Vol. 41, Iss. 1; pg. 1 19 
Abstract (Summary) 

A neural-network inverse mapping approach was used in a structural integrity redesign problem to achieve the desired 
strength, corrosion, and fatigue properties. Also, through the inverse-mapping procedure the relative importance of damage 
parameters was obtained for two trained neural-network models. The damage parameters corresponding to a given strength 
and corrosion rate are predicted in one network, whereas the damage parameters corresponding to a given corrosion fatigue 
life are predicted in the other network. The results obtained from the inverse mapping procedure are compared with actual 
panel configurations and environments and experimental data. The results obtained through the inverse-mapping procedure 
are found to agree well with the experimental data, thus demonstrating the feasibility of the approach for the structural 
integrity redesign of aging aircraft structures. 



Material property identification of composite plates using Neural Network and evolution algorithm 

Byung Joon Sung, Jin Woo Park, Yong Hyup Kim. American Institute of Aeronautics and Astronautics. AIAA Journal. 
New York: Sep 2002. Vol. 40, Iss. 9; pg. 1914 
Abstract (Summary) 

The baseline material properties of composite materials are susceptible to errors due to various defects during the 
manufacturing and operation. Thus, accurate estimation of the actual material properties is necessary for accurate numerical 
analysis. 



Structural damage identification using pole/zero dynamics in neural networks 

S M Yang, G S Lee. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Sep 2001. Vol. 39, Iss. 
9;pg. 1805 
Abstract (Summary) 

Yang and Lee developed an improved method of structural damage identification, utilizing not only the change of natural 
frequencies (poles) but also the change of zeros. The backpropagation Neural Network with a momentum term and an 
adaptive learning rate was employed to construct the complex effect-to-cause mapping between the pole/zero dynamics and 
the damage conditions 



Aerodynamic design using neural networks 

Man Mohan Rai, Nateri K Madavan. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Jan 
2000. Vol. 38, Iss. l;pg. 173 
Abstract (Summary) 

An aerodynamic design procedure that incorporates the advantages of both traditional response surface methodology and 
neural networks is described. 



Miniature multihole pressure probes and their neural-network -based calibration 

Rediniotis, Othon K, Vijayagopal, Rajesh. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: 
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Jun 1999. Vol. 37, Iss. 6; pg. 666, 9 pgs 
Abstract (Summary) 

We present the development of miniature multihole pressure probes and a novel neural-network-based calibration algorithm 
for them. Seven-hole probes of tip diameters as low as 0.035 in. (0.9 mm) were successfully fabricated with high tip surface 
quality. 



Air data sensing from surface pressure measurements using a Neural Network method 

Rohloff, Thomas J, Whitmore, Stephen A, Catton, Ivan. American Institute of Aeronautics and Astronautics. AIAA 

Journal. New York: Nov 1998. Vol. 36, Iss. 1 1; pg. 2094, 8 pgs 

Abstract (Summary) 

Neural networks have been successfully developed to estimate freestream static and dynamic pressures from an array of 
pressure measurements taken from ports located flush on the nose of an aircraft. Specific techniques were developed for 
extracting a proper set of Neural Network training patterns from an abundant archive of data. 



Fatigue crack growth predictions in aging aircraft panels using optimization Neural Network 

Pidaparti, RMV, Palakal, M J. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Jul 1998. 

Vol. 36, Iss. 7; pg. 1300, 5 pgs 

Abstract (Summary) 

An optimization-based Neural Network method is developed to predict fatigue crack growth and fatigue life of multiple site 
damage panels found in aging aircraft. The method utilizes an optimization solution to predict the probable crack path 
based upon the initial panel configuration and accounts for lead crack spanning, small multiple site damage, and plasticity 
zones. The approach of the Neural Network was motivated by the optimization analysis and the time-consuming 
computational analyses for multiple site damage problems. 

Neural-network -based controller for nonlinear aeroelastic system 

Ku, C-S, Hajela, P. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Feb 1998. Vol. 36, Iss. 
2;pg. 249, 7 pgs 
Abstract (Summary) 

Attenuation of vibratory response is an important design consideration in man y aeroelastic systems and active methods of 
vibration reduction have been studied extensively. The use of artificial neural networks is explored as an approach for 
developing robust control strategies. 



Automation of some operations of a wind tunnel using artificial neural networks 

Decker, Arthur J, Buggele, Aivin E. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Feb 
1996. Vol. 34, Iss.2;pg. 421 
Abstract (Summary) 

The results of tests of artifical neural networks for their ability at estimating sensor readings from shadowgraph patterns, 
shadowgraph patterns from shadowgraph patterns and sensor readings from sensor readings are presented. 



Neural networks with modified backpropagation learning applied to structural optimization 

Kodiyalam, Srinivas, Gurumoorthy, Ram. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: 
Feb 1996. Vol. 34, Iss. 2; pg. 408 
Abstract (Summary) 

A multilayer feedforward Neural Network with a modification to the standard backpropagation training of neural nets is 
examined. Information on the gradients of target outputs with respect to network input s is used in the modification. 



Neuromorphic approach to inverse problems in aerodynamics 

Prasanth, R K, Whitaker, Kevin W. American Institute of Aeronautics and Astronautics. AIAA Journal. New York: Jun 
1995. Vol. 33, Iss. 6; pg. 1150 
Abstract (Summary) 

Two simple examples that show the ability of neural networks to solve inverse aerodynamic problems are offered. Each 
example case requires a separate Neural Network to be designed, trained and validated, but some features were common to 
all networks used. 
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Summary 

This preliminary investigation introduces the use of 
the Regier number as a flutter constraint criterion for 
sB^aeroelastic structural optimization. Artificial Neural 
^Network approximations are used to approximate the 
Y flutter criterion requirements as a function of the design 
Mach number and the parametric variables defining the 
aspect-ratio, center- of-gravity, taper ratio, mass ratio 
and pitch inertia of the wing. The presented approxi- 
mations are simple enough to be used in the preliminary 
design stage without a well defined structural model. 
An example problem for a low-speed, high-aspect-ratio, 
light-aircraft wing is presented. The example problem 
is analyzed for the flutter Mach number using doublet 
lattice aerodynamics and the PK solution method. The 
use of the Regier number constraint criterion to opti- 
mize the example problem for minimum structural mass 
while maintaining a constant flutter Mach number is 
demonstrated. 

Introduction 

The structural optimization of an airplane wing to 
satisfy flutter constraints is often an expensive process 
in terms of computer resource requirements. The typi- 
cal iteration of the design through the optimization pro- 
cess requires repeated determination of the unsteady 
aerodynamic forces and subsequent flutter solutions. 
While the solution of the flutter equations requires lit- 
tle computer resources, the calculation of the unsteady 
aerodynamic forces often requires significant computer 
storage and central processor time. One means to re- 
duce these costs, as discussed in references 1 and 2, is 
to use a simplified model of the unsteady aerodynamics. 
If the changes in the structure between adjacent itera- 
tions are small then the unsteady aerodynamic forces 
will be virtually unaffected and the aerodynamic model 
need not be updated at every iteration. A complete up- 
date might be made after, say, five iterations. Another 
simplified model, used in reference 3, assumes that the 
modal basis used to calculate the unsteady aerodynamic 
forces is unaffected during the optimization. This re- 
port presents an alternative approach to actually calcu- 
lating the unsteady aerodynamic forces and explicitly 
solving the flutter equations during the optimization. 
The method uses a flutter criterion to evaluate the flut- 
ter susceptibility of the wing. Certain properties of the 
wing are compared with the criterion to assess whether 
or not the wing has acceptable flutter characteristics. 
The use of a flutter criterion is particularly attractive 
during preliminary design when a variety of wings are 
under study, and high accuracy is not required. 

Although there are no flutter criteria that apply 
to all wings, there are criteria available that apply to 
many wings. For example, one flutter criterion is to 



have the sectional center-of-gravity forward of the sec- 
tional aerodynamic center-of-pressure. However when 
this criterion is used for the design of a wing/ the re- 
sulting design has excessive weight. The criterion for 
the flutter constraint used in this report is based on the 
stiffness-altitude parameter, or Regier number, which 
depends on the stiffness of the wing and characteristics 
of the fluid in which the wing is operating, in partic- 
ular, the density and speed of sound. As the name 
stiffness-altitude implies, the value of the Regier num- 
ber increases as either stiffness or altitude is increased. 
This parameter has been used in reference 4 to corre- 
late the flutter results obtained from several hundred 
wind-tunnel, flutter-model tests. 

The proposed criteria is "If the Regier number for 
the wing being designed is greater than a reference 
value, the wing is flutter free." The reference value is 
a calculated Regier number based on experimental flut- 
ter tests. If the Regier is substantially larger than the 
reference value, the wing has excess stiffness. This sug- 
gests that some material in the load bearing structure 
could be reduced (i.e. reduce the stiffness) and thus 
reduce the structural mass. If the Regier number is less 
than the reference value, then the wing will flutter. An 
advantage of the proposed criterion over other criterion 
is that this proposed criterion is easy to calculate and 
simple enough so that it may be used early in the design 
process. 

The purpose of this paper is to discuss how a flutter 
constraint based on the Regier number can be used in 
optimizing an airplane wing. First the Regier number, 
including its background and meaning is introduced. 
This discussion is followed by the development of an 
artificial neural network (reference 5), or ANN, approx- 
imation for the reference Regier number data obtained 
from reference 4. Next, the procedure for using the 
Regier number in structural optimization is presented. 
Finally, the application of the Regier number criteria to 
an illustrative example is presented. 



Symbols 



ANN 


artificial neural network 


AR 


aspect ratio 


a 


speed of sound 




reference length, wing semichord 


c 


mean aerodynamic chord 


c LoL 


lift curve slope 


eg 


center of gravity, %c 


ea 


elastic axis position, %b 


9 


constraint function used in CONMIN 



g structural damping coefficient 

h a ,hf height of aft or forward beam, Figure 8 

I input of ANN scaling function, (Equa- 

tion 3) 

J objective function 

k reduced frequency 

Kar ANN approximation for the AR correc- 

tion factor 

K cg ANN approximation for the eg correc- 

tion factor 

K\ ANN approximation for the A correction 

factor 

Hp ANN approximation for the // correction 

factor 

K Tol ANN approximation for the r a correc- 

tion factor 

I semispan of wing 

M Mach number 

m sectional wing mass 

O output of ANN scaling function, (Equa- 

tion 7) 

p dummy argument of Equations 5 and 6 

1Z = ^ y/Jl Regier number 

It = 7= Frueh's modified Regier number 

TV Regier number approximation 

r a radius of gyration, normalized by b 

Si, S2 Nonlinear transfer function used in ANN 

t a ,hf thickness of aft or forward beam wall, 

Figure 8 

v vector of structural response variables 

V velocity 

~~ bJt^/Ji ve ^ oc ^y index parameter 

W beam mass per unit length 

w a} Wf width of aft or forward beam, Figure 8 

Wj weight parameter of neuron element 

(Equation 4) 

Wt mass of the support structure 

x vector of structural optimization design 

variables 



yj output of a neuron element (Equation 4) 

z vertical displacement of the beam at the 

typical wing section 

u frequency 

fx = mass ratio 

p mass density of fluid 

p s mass density of the support structure 

A sweep angle 

A taper ratio 

Gj bias parameter of neuron element 

(Equation 4) 

subscripts: 



a 


pitch mode natural frequency 


a 


aft beam 


C 


conservative approximation 


d 


divergence condition 


£ 


best estimate approximation 


f 


forward beam or flutter condition 


j 


j th neuron element 


max 


maximum value 


rain 


minimum value 


r 


reference 


0 


reference condition 



The Regier Number 

The Regier number, or stiffness-altitude parameter, 
is one of several nondimensional aeroelastic parameters 
that have been used to insure dynamic similarity be- 
tween models (reference 6). The stiffness-altitude pa- 
rameter was first suggested for use in displaying flutter 
data by Arthur A. Regier. Over time this parameter 
has become known as the Regier number, or 1Z. The 
expression for TZ is 

R. ^ (I ) 

where uj t is a reference frequency, b is the reference 
length, \x is the mass ratio, and a is the speed of 
sound. As is the case for the more familiar velocity 
index parameter 1 V/, 11 can be derived by simplifying 

1 The velocity index parameter Vj is related to 71 by the 
following relationship: 



the approximate empirical flutter formula expression 
given by Theodorsen and Garrick in reference 7. A 
modified version of 71 is presented by Prueh in reference 
8. Frueh's modified Regier number 7Z is given by 

R «s 12} 

where C^ a is the lift curve slope. This expression would 
be attractive for use in correlating flutter data because 
7Z has a smoother variation with Mach number than the 
Regier number does. However, in many instances C^ Q 
information is not available, especially from research 
flutter model tests, so it is often not possible to use 
H. It should be pointed out the Frueh's expression 
can also be derived from Theodorsen and Garrick's 
approximate empirical formula (reference 7) recognizing 
that Ci, a is 27r in their formula. So, in effect, Regier's 
formulation essentially assumes a constant lift curve 
slope. Recent research reports since about 1970 have 
not often used either 71 or Vj because these reports tend 
to be problem, or wing, specific. For a specific wing, 
presenting the stability boundary using 71 or Vj is not as 
useful as a plot of the stability boundary using dynamic 
pressure. However, in aeroelastic research reports prior 
to the 1970's the focus of the research was in parametric 
studies and the presenting of the data using 71 or V} is 
very common. 

71 is also directly related to the parameters M and 
\i that arise from a non-dimensional considerations of 
flutter. The term ^ is the ratio of vibration velocity 
to fluid speed of sound and may be though of as a 
modified Mach number. The remaining term fi is 
the nondimensional ratio of mass of the body to the 
apparent mass of the fluid surrounding it. 

In reference 6 Regier describes 71 as the square root 
of the ratio between the structural inertia force and the 
fluid force at Mach 1. Using the Regier number to define 
the stability boundary stresses the importance of the 
ratio between the inertial forces and fluid forces as a 
primary factor in the governing equations of motion. 
Two dynamically similar models that have the same 
Regier number will have the same ratio of structural 
force to fluid forces at Mach 1. If the two models are 
also aerodynamically similar, then the flutter stability 
boundary will be the same when plotted in the RvsM 
plane. Figure 1 shows 71 plotted against Mach number 
for an typical wing. When constant dynamic pressure 
lines are plotted against M, they appear as radial lines 
through the origin as shown in Figure 1. The stable 
no flutter region is above the boundary; the unstable 
flutter region is below the boundary. Unlike Vj, 71 has 
the origin as an anchor point. The above properties 
makes 7Z an attractive parameter for correlating flutter 
data from different wing configurations. 




Mach Number, M 



Figure 1. Regier Number Stability Plane. 

For these reasons Harris (reference 4) chose 7Z. to cat- 
alog flutter data from a variety of wing configurations. 
Reference 4 is a summary of 341 experimental and the- 
oretical flutter studies presented as a series of flutter 
boundary plots of 7Z vs M and correction factors, such 
as the correction factor for the aspect ratio, K^r vs AR. 
Figure 2 is a typical plot of 71 vs M taken from refer- 
ence 4 showing the flutter boundary and data points for 
low sweep conventional planform wings. 
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Mach Number, M 



Figure 2. Regier Number vs Mach Number. 

Other data plots in reference 4 are used for conven- 
tional planform wing of moderate and high sweep, and 
delta wing designs. The reference 4 designated "conser- 
vative estimate" and "best estimate" curves are shown 
in Figure 2 as solid and dashed lines, respectively. The 
conservative estimate curve encompasses all the exper- 
imental data whereas the best estimate curve is similar 
to a mean fairing though the data. The data in Fig- 
ure 2 were adjusted by Harris to a nominal wing design 
for an average aspect ratio, center-of-gravity position, 
taper ratio, mass ratio, sweep angle, and radius of gyra- 
tion. In practice, the data from reference 4 is adjusted 
for the particular AR, eg, A, ^, A and r a of the wing 
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design by using correction factors. The correction fac- 
tors are normally a function of a single parameter with 
the exception of the correction factor for /z. This will be 
explained in the "The Regier Number Approximation" 
section of the paper. 

To determine if a wing design has an aero elastic 
problem using reference 4, the 1Z of the design calcu- 
lated using Equation 1 is compared to the adjusted 1Z 
value calculated by using the methods and data of ref- 
erence 4. A nutter condition is predicted if the 1Z calcu- 
lated using Equation 1 is less than the 1Z generated by 
using reference 4. If the TZ of the design is greater than 
the TZ of reference 4, then addition weight savings can 
be achieved by removing some of the structural mass 
being used to generate "excess" this stiffness. 

The Artificial Neural Network 

Artificial neural networks (ANNs) are used in this 
report to approximate a number of curves in reference 
4. This section serves to give the uninformed reader 
a brief introduction to the ANN. Further information 
on ANNs can be found in reference 5. ANNs are not 
unique to the work presented in this report and several 
other functions could have been used to approximate 
the data. 



ANNs derive their name from trying to mimic the 
structure and functions of neural systems of living crea- 
tures. In general the network is composed of a number 
of signal processing elements, or artificial neurons. Fig- 
ure 3 shows the form of the ANN using the M cCulloch- 
Pitts neuron model (reference 5). In the conventional 
use of ANNs, the data is approximated by a single large 
ANN with several inputs and outputs. Because the data 
in reference 4 have been separated into several single 
input /output functions the conventional ANN model is 
not used. All of the ANNs developed in this report have 
a single input and output variable. The input variables 
are initially scaled before being passed to each neuron 
elements as shown in Figure 3. The individual neuron 
elements reside in what is commonly called the "hidden 
layer." The number of elements in the hidden layer de- 
termines the degree of accuracy of the approximation 
function* The more elements in the hidden layer the 
better the ANN is at approximating the original func- 
tion. The output of each of the hidden layer elements 
is passed to the "output layer" which is also a neuron 
element. The output of the output layer is again scaled 
before being used. 

The equations used for calculating the approxima- 
tion are: 

The input scaling function is 




IJ Output 
I Scaling 
S = nonlinear transfer function N 

Figure 3. Artificial Neural Networks. 



where I SC aled * s tne output of the scaling function, and 
Imax and I m i n are the input scaling parameters. 

The McCulloch-Pitts model for a single input neu- 
ron is described by 



(4) 



where yj is the output, wj is the weight, and 0j is the 
bias of the neuron element. The function Si defines 
the type of limiting or nonlinear transfer function used 
in the neuron. The approximations generated in this 
report use the following two types of nonlinear transfer 
functions 



n ip) *= 7— 



S:>t.P) 
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where p is the input to the function. The same type 
of nonlinear transfer function is used for all neuron 
elements of a particular ANN approximation. 
The output scaling function is 

Q ~ — * {Otmx O tn i n f + O m i n (7) 

0.S 



where O is the output of the approximation, O ma x and 
Omin ar e output scaling parameters, and yj is given by 
equation 4. The parameters that define the ANN are 
the minimum and maximum of the input and output 
scaling functions plus the weights and biases of the 
each of the neurons elements. Equations 3-7 are 
used to approximate each of the individual functions 
that are joined together to form the Regier number 
approximation as described in the next section. 



location, K\(X) f° r tne taper ratio, K^fa, A,M) for 
mass ratio, and K rot (r a ) for the radius of gyration. 
Each of the adjustment factors are calculated using 
Equation 7. The mass ratio adjustment factor appears 
to be a function of /x, A, and M but it is actually only 
a function of /z. The parameters A and M determine 
which one of 6 differ ent functions of ji is used. The 
complete ANN approximation for the flutter boundaries 
are: 



The Regier Number Approximation 

This section describes the approximations that are 
used to approximate the information contained in ref- 
erence 4. Reference 4 presents the design estimates of 
the flutter margins as a series of basic flutter boundary 
plots in the form of 1Z vs M for wing configurations of 
specific values for AR, eg, A, fi, A, and r Q - Paramet- 
ric adjustment factors are presented as additional plots 
that are used to modify the basic boundary plots for 
variations in AR, eg, X, A, and r a . These adjust- 
ment factors are necessary to account for wing config- 
urations that are different from the base configuration. 
In Figure 4 the data and the ANN approximation func- 
tion are shown for the aspect-ratio adjustment factor 
Kar ^ a function of the wing aspect-ratio value AR. 
There are different basic flutter boundary plots for dif- 
ferent planform designs, such as high sweep or delta 
platforms. The approximations calculated in this re- 
port for the base flutter boundary are for subsonic, low 
sweep, conventional-planform wing configurations. 
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Figure 4. ANN Approximation of Kar- 

The Kar ANN approximation function is calculated 
using Equation 7. The Kar{AR) has a value of 1 
for AR = 2, which represents the aspect-ratio value 
of the base configuration wing. There are four other 
adjustment factors, K cg (cg) for the sectional wing eg 



m ;%!!£) 

(8) 

, H .... 

where TZc and H£, each calculated using Equation 7. 
The functions Tl J, equation 8, and TV S , equation 9, are 
best and conservative estimate ANN approximations 
as a function of M, AR, eg, X, fi, r a . The 7££ 
approximation is based on the envelope of 1Z whereas 
%* e is based on the average value of 71. 

Table 1 list the number elements in the hidden layer 
and the type of nonlinear transfer function (equations 
5 or 6) used for each function. The value of zero for 
the K Ta entry of Table 1 denotes no hidden layer. 
Table 2 lists the function coefficients for the ANN 
approximations. Note that the coefficients for entry 
of Table 1 is a single line in the table and is dependent 
on the value of A and M to determine which set of 
coefficients are used. As noted above and in Figure 
3 each ANN has input and output scaling functions. 
Table 3 lists the scaling coefficients used in equations 3 
and 7. 

Equations 8 and 9 describe simple approximations 
that can be used with a minimum of computational 
effort to develop a constraint function for use in a 
complex structural optimization procedure or to check 
a design for its flutter margin. 

Table 1. Regier ANN Configuration. 

ANN Number of Elements Nonlinear Transfer 



function in Hidden Layer Function 



17* 


2 


Si 


n* c 


2 


Si 


K A r 


2 


s 2 


K cg 


2 


s 2 


K X 


2 


s 2 


*M 


1 


s 2 




0 


s 2 



Table 2. Regier ANN Coefficients. 



Hidden Layer 



Function 




Wj 


e ? - 


Wj 


K A R 




-10.1802 

1L 3170 


6.4287 

-1.6769 


-2.8981 

2,5877 






•8:8731 
♦123446 


4 6806 
0.9841 


1.8229 
5.6267 


K x 




13,5425 


4.8397 


1 ,7489 


M < .9 










A < 20* 
20° < A. 




5,6802 
-SJ022 


-2.1022 
1.4173 


"1.4161 
2.740© 


A > 52* 




6.0479 


- L 1.682 


-3,4644 


M > .9 
A < 20° 




-6,2028 


1,0579- 


2.7628 


20° < A < §2° 




4)8072 


-5.0843 


A > 52* 




5,3574 


0.6696 


7,5610 










5.6931 






-1,3377 
LM09 


-1,1461 
-1,2542 


--0.3777 
0.4905 


n% 






■0.5984 


0.3697 






1.3784 


-1.0410 


0,1003 



Output Layer 

e 



-0.2088 



2.6204 



0.6581 

%Mn 

-0.8023 
3.8784 
-2.0054 
-2,8362 
0.6175 

0,7787 



Table 3. Regier ANN Scale factors. 



Input 

Function Max Min Max 



K 



AR 



60 
1 

90 

0.7 
1.8226 
2.0731 



0 
10 
0.3 
0 
0 



1.7877 
2.2616 
1,2390 
1.2630 

6 

6 



Output 

Min 

0!8993" 
0.8098 
0.904S 
0.7512 
07321 
-6 
-6 



Structural Optimization Using the 
Regier Number Constraint 

This section describes the use of the ANN approx- 
imation of the Regier number TV in a structural opti- 
mization procedure for the design of flutter free wing 
while minimizing 

J = Wt (10) 

where J is the objective function and Wt is the mass 
of the support structure. Figure 5 shows the design 
optimization procedure used in this report. The proce- 
dure consists of two major independent computer pro- 



grams. These are a MSC/NASTRAN® 2 finite-element 
and sensitivity analysis program (reference 9) and, a 
second program denoted as Optimizer in Figure 5. 
The MSC/NASTRAN® analysis, denoted as (Sensi- 
tivity & FEM Analysis), uses a finite-element model 
(FEM) to generate the coefficients of the sensitivity 
equations. The Optimizer program calculates the ob- 
jective function J, the gradient of the objective function 
and the constraint function g, for the optimization 
program CONMIN (reference 10). The CONMIN pro- 
gram is only used to solve the linear optimization prob- 
lem. The design variable equations that are generated 
by MSC/NASTRAN® have the form 



(II) 



where v is a vector of structural design responses, vo is 
the value of the design responses at the start of the opti- 
mization step, ^ is a matrix of sensitivity coefficients, 
xq is a vector of the value of the design variables at the 
start of the CONMIN optimization, and a; is a vector of 
design variables used in CONMIN. The structural re- 
sponse vector v are functions that are computed within 
the MSC/NASTRAN® program. These responses can 
include weight, displacements due to specified load con- 
ditions, stress, and modal frequencies, etc. The el- 
ements of the design variable x are problem depen- 
dent and may include plate thickness, beam height, 
and flange width, etc. The matrix ^ is computed 
by MSC/NASTRAN® using a finite-difference scheme. 
The sensitivities are transferred to the structural opti- 
mization program Optimizer as shown in Figure 5 and 
in more detail in Figure 6. Figure 6 shows the Opti- 
mizer's internal flow as it cycles in the design space 
requiring the calculation of the objective function and 
constraint, or gradients of the objective function and 
constraint. As shown in Figure 6, the Optimizer pro- 
gram supplies the CONMIN program with the value 
of the objective function J, the constraint g y or the 
gradients of the objective function The CONMIN 
program calculates the gradient of g by using a finite- 
difference scheme. 

The Optimizer finds the value of the design vari- 
able x that minimizes the linear cost function of Equa- 
tion 10 subject to a non-linear inequality constraint 



n* - n < o 



(12) 



where TZ is Regier number calculated using Equation 1, 
and TZ* is the required Regier number calculated from 

" MSC/ is a registered trademark of The MacNeal-Schwendler 
Corporation. NASTRAN is a registered trademark of the Na- 
tional Aeronautics and Space Administration. 
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Figure 5. Design Optimization Iteration Procedure. 

either Equation 8 or 9. Hereafter Equation 12 will 
be referred to as the Regier design constraint. 71 is 
calculated using Equation 1 from the modal frequency 
u; r , the wing mass m, constants dependent on the flight 
condition p and a, and if the shape optimization is 
being done, grid point locations of the FEM. The 
approximation 7V is calculated using either Equations 8 
or 9, and is a function of the independent variables AR, 
eg, A, A, p, Tot and M . With the exception of p and M, 
all of the independent variables for calculating 1Z and 
IV must be calculated from the vectors v and x. The 
calculation of the Regier constraint from the vectors v 
and x is illustrated in the sample problem discussed 
in the next section. The values of p and M must 
be specified by the user. The CONMIN optimization 
program finds the value of x which will minimize the 
cost function, usually structural weight, subject to the 
Regier constraint defined by Equation 12. 

A complete design iteration is a single pass around 
the path shown in Figure 5, executing the Sensitiv- 
ity & FEM Analysis and Optimizer programs once. 
At the end of the CONMIN optimization program, the 



design responses calculated with Equation 12 will not 
agree with the value calculated with the FEM analysis 
unless the two systems have converged. The design opti- 
mization procedure, Figure 5, must iterate between the 
Sensitivity & FEM Analysis program and the Opti- 
mizer program until the design responses agree, or con- 
verge. A converged design is defined when the objective 
function and the design variables do not change dur- 
ing a design iteration. The reason for the disagreement 
between the CONMIN and MSC/NASTRAN® design 
responses is that the Sensitivity &; FEM Analysis 
program is calculating the responses using a nonlinear 
FEM of the structure and the Optimizer program is 
using a model of the structure linearized about the ini- 
tial value of the design variables. At the end of the 
CONMIN optimization step the new values of the de- 
sign responses of the linear model may not agree with 
the responses of the nonlinear model at the optimized 
value of the design variables. This behavior can be seen 
in the results of the sample problem in the next section. 
If the design has not converged, a MSC/NASTRAN® 
analysis is done using a new FEM based on the new 



value of x and the optimization of the linear structural 
model is repeated. The design optimization procedure 
is repeated until the design responses of the sensitiv- 
ity analysis agree with the value of the design response 
calculated with MSC/NASTRAN®, as shown in Figure 
5. 
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Example Problem Definition, Analysis, 
and Optimization Results 

This section describes an example problem for 
demonstrating the use of the Regier number constraint 
in the optimal design of a wing subject to a flutter 
requirement. The example was chosen to be complex 
enough to represent an actual aircraft wing. The fol- 
lowing model specifications were selected a priori: 

1. Shape optimization will not be done. 

2. The wing will have a high AR, AR > 5. 

3. The wing will be untapered, A = 1. 

4. The flow regime will be subsonic, and A = 0. The 
optimization will be for sea level flight condition. 

5. The support structure will be two simple beams. 

6. The dimensions and mass balance of the wing will 
be that of a typical light airplane wing that is in 
agreement with items 2-5 and designed to flutter 
at a subsonic M. 

As a result of the above specifications 71* is a 
function of M, /x, r a and eg. The optimization problem 
will be to design a minimum mass structure. The design 



Mach number is the flutter Mach number of the initial 
wing design. 



v i — ^ * 




All dimension in inches 

Figure 7. Example Problem: Wing Planform. 

Structural Model 

The planform of the example wing is presented in 
Figure 7. The wing is rectangular in shape with a 
semispan and chord of 200 and 80 in., respectively. 
The structure of the wing is modeled as two uniform 
cantilever beams. The forward and aft beam locations 
are placed at 0.15c and 0.55c to represent a typical wing 
box structure. 

Each beam is modeled with 10 beam elements. The 
wing is constrained so that the aft beam is connect 
to the forward beam by rigid links. The forward 
beam is free to displace vertically and twist about its 
long axis. Each beam is carrying an amount of non- 
structural distributed mass that is proportional to the 
cross-sectional area from the the point midway between 
the beams to the leading or trailing edge of the wing. 
The forward beam has 0.16 Ibm/in., and the aft beam 
has 0.44 Ibm/in. of non-structural mass. To simulate 
the landing gear, concentrated masses of 16 and 23 lbm 
are located respectively on each beam at 20 and 40 in. 
span stations. To simulate fuel, concentrated masses of 
35 and 15 lbm are located respectively on each beam 
at 120 and 140 in. span locations. In Figure 7, these 
concentrated masses are represented by small circles on 
each beam. Initial mass and balance information for 
the example wing are given in Table 4. 

The design variables for the forward and aft beams 
are height hj and h a , width wj and w a , and wall 
thickness tf and t a of the rectangular beam section 
as shown in Figure 8. Table 5 summarizes the lower 
bound, initial, and upper bound values of the design 
variables. 



Table 4. Example Problem: Wing Weights and Bal- 
ances. 



Element 


Structural 
Mass(lbm) 


Non-structural 
Mass(lbm) 


Total 
Mass(lbm) 


Forward Beam 


23.2 


32 


55.2 


Aft Beam 


23.2 


88 


111.2 


Fuel 




100 


100 


Landing Gear 




78 


78 


Total 


46.4 


298 


344.4 



<, 1 



Air Flow 



Aft beam 



Forward beam 




Figure 8. Example Problem: Wing Cross Section. 



Table 5. Example Problem: Wing Design Parameter 
Values. 



Lower Bound Initial Value Upper Bound 



Parameter 


(in.) 


(in.) 


(in.) 




:i 


2 
4 


3 

r- 


h f 


2 
0.05 


0.1 


0.2 


h a 


1 
2 


2 
4 






0.05 


0.1 


0.2 



Flutter Analysis 



criterion, a separate flutter analysis is conducted at 
each optimization iteration. The flutter analysis is in 
no way a required step in the optimization procedure. 
The flutter Mach number Mf for the initial wing will 
define the M for the design calculations. This section 
gives the details of how the flutter speed is calculated 
using the MSC/NASTRAN® computer program. 

The first four vibration modes are used for the 
aeroelastic equations of motion. The vibration analysis 
results for these modes are presented in Table 6 and 
Figure 9. The first mode, 17 Hz, is the first bending 
mode. The second mode, 21 Hz, is the first torsion 
mode. The third mode, 46 Hz, is the second bending 
mode. The fourth mode, 58 Hz, is the second torsion 
mode. Both bending modes have significant amounts of 
torsion due to coupling between the plunge and pitch 
motion of the wing. 

Table 6. Example Problem: Wing Vibration Analysis. 





Frequency 


Generalized 


Generalized 


Mode 


(Hz) 


Mass 


Stiffness 


1 st bending 


17 


2.829 x 10 1 


3.271 x 10 5 


I s * torsion 


21 


1.769 x 10" 1 


3.090 x 10 3 


2 nd bending 


46 


1.350 x 10 1 


1.121 x 10 6 


2 nd torsion 


58 


6.760 x 10 -2 


8.980 x 10 3 



To determine the flutter Mach number design value, 
and to check the accuracy of the Regier constraint 



The unsteady aerodynamics are calculated using the 
doublet lattice method (reference 12). The aerodynam- 
ics planform, Figure 7, is divided into 10 spanwise and 
5 chordwise aerodynamic boxes for the double lattice 
procedure. Beam spline (reference 11) interpolation is 
used to calculate the aerodynamic grid deflection from 
the motion of the forward beam. Unsteady generalized 
aerodynamics forces, GAFs, are calculated for the val- 
ues of reduced frequency k = [.001, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 1, 5] and M = [0 0.3 0.6]. Linear inter- 
polation is used to calculate the GAFs at intervening 
values of k and M. The PK solution method, refer- 
ence 11, is used to solve the dynamic equations of mo- 
tion at V = 600 to 12000 in./sec in increments of 600 
in./sec and M = [0, 0.2, 0.3, 0.4, 0.5, 0.6]. Figure 10 
presents a typical results of a PK analysis for M = 0.4 
for the above structural model with the design variables 
at their initial values. The data in Figure 10 indicates 
the I s * wing torsion mode going unstable at V = 5000 
in./sec (M=0.37), u> = 19.5 Hz and 1 st wing bending 
mode diverging at V = 9100 in./sec, (M=0.67). Note, 
that the predicated M for the data in Figure 10 is less 
that the specified M for the calculated GAF data. The 
true instability point, often referred to as the "match 
point", is found by interpolating the data in Figure 10 
with other results from the PK solution method (M = 



MODE 1,17 Hz. 



MODE 2, 21 Hz. 




MODE 3 f 46 Hz. MODE 4, 58 Hz. 



Figure 9. Example Problem: Vibration Modes. 



0.3). The interpolated match point, or stability condi- 
tion where p, M, and V are in agreement for a standard 
atmosphere, is Vj = 5030 in./sec (Mf = 0.37), at uif = 
19.5 Hz and V d = 8590 in./sec (M d = 0.63). 

Regier Constraint Calculation 

The Regier constraint for use in the Optimizer, 
(Figures 5 and 6), is developed in this section. The 
elements of the vector v in Equation 11 for this example 
are the variables Wt, u; a , z a and zj. The required 
parameters in Equations 8 or 9 for the calculation of 
the TV are M, /x, r a , and eg. The purpose of this 
section is show how the these variables are calculated 
from the vector v. During the CONMIN optimization 
calculations, the design responses are approximated 
using Equation 11. For example, the deflection of the 
aft beam z a is approximated by 



where z ao is the value of the aft beam at the start of 
the CONMIN program. 

The Regier database in reference 4 is based on the 
sectional wing characteristics at the 75 percent span 



location. For this example problem the nearest grid 
locations occur at the 80 percent span location and 
these grid locations are used to calculate /x, r a , and eg. 
The 80 percent span was used because for this problem 
the parameters /i, r a , and eg do not change between 
the 75 percent and 80 percent span locations. 

The mass ratio for the example wing is 



Wt f QM 



(14) 



where Wt is the mass of the support structure, I is the 
semispan of the wing, b is the wing semichord, and p is 
the density of the fluid. Note that this expression for ji 
contains the mass of the beams and the nonstructural 
mass, but does not contain the mass of the landing gear 
or fuel. For the values of Z=200 in., 6=40 in. and p = 
1.39 x 10~ 4 lbm/in. 3 Equation 14 becomes 



Wt + 120 

44.59~~ 



(15) 



For the initial wing design \x = 3.6 



The center-of-gravity eg is calculated by using 



/ 0.05 {W a + 0.44) - 0.35 (Wt + 0.16) \ 

eg = 0.5 + — — x 100 

I W«+W,+0.6 J 

(16) 

where fche sectional mass of the beams W a and Wj are 
calculated by using 



W x p$ ( e M x {hx + w») - 4*1) (17) 



where p s is the mass density of the support structure, 
and the subscript x is either a or / to denote the aft or 
forward beam. For the initial wing design eg = 41.8. 

The radius of gyration r a parameter is calculated 
by using 



(18) 

where ea is calculated by using the displacements Zf 
and z a due to a torque applied to the wing tip. That 
is, 
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Figure 10. Example Problem: Aeroelastic Analysis. 



(19) 



For the initial wing design r a = 0.4. 

Figure 11 shows 7££ and ^ as a function of M 
and the nutter analysis result (solid circle symbol) for 
the initial wing design. The data in Figure 11 indicate 
that the %£ is a sufficiently accurate to be used in 
Equation 12 for 71. That is, the approximation of "best 
estimate" stability boundary is essentially the same 
as the doublet lattice calculated stability boundary. 
Substituting Equations 1 for H and 9 for IV into 
Equation 12, with K A r(5) = 0.9029, K\(l) = 0.9028, 
and a = 13587 in./sec yields the Regier constraint for 
an unswept wing with AK=5 and A=l as a function M, 
eg, /i, and r Q : 




...... ZJ 
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Mach Number, M 

Figure 11. Example Problem: Regier Constraint Func- 
tion. 



\^nsM) ^20) 

where K^(fj) represents the adjustment factor ap- 
proximation for M < .9 and A < 20°. 



Structural Optimization Results 

The doublet lattice analysis predicts the initial ex- 
ample wing to nutter at M = 0.37. The objective of the 
optimization is to design a minimum mass wing {i.e. 
minimize Wt) that will be flutter free at M = 0.37. For 



M = 0.37 and 71} = 0.621 Equation 20 becomes 



0,763 



(21) 



The design variable vector x in Equation 11 consists of 
the six variables w a , Wf y h a , hf, t a , and if. CONMIN's 
solution to the problem is to set all of the design 
variables, except hj , to the lower design variable bounds 
and to find the value of hf that satisfies the constraint 
function defined by Equation 21. Figure 12 is the 
optimization history for the design variable hf and 
Table 7 lists the values of the design variables for the 
converged design. Figure 13 shows the optimization 
history of Wt. The final value of Wt is 16.6 lbm, a 
reduction of 29.8 lbm. 



1 



ITERATION 

Figure 12. Optimization Results: hf vs Iteration. 

Table 7. Example Problem: Final Wing Design Vari- 
ables Values. 




optimization step, combining with the symbol A, d es _ 
ignating the second CONMIN optimization step, to give 
the appearance of the symbol # . 



5 I 



ITERATION 

Figure 13. Optimization Results: Structure Mass vs 
Iteration. 



Figure 14 presents the history of the 7Z and 7££ 
terms of the constraint function during the optimiza- 
tion. The solid line in Figure 14 is Tl and the dot- 
ted line is TV £ . Equation 20 is satisfied in Figure 14 
whenever the solid line is above the dotted line. At the 
beginning of the first iteration, denoted as iteration 0 
in Figure 14, the data indicates that the the structure 
has excess stiffness because 7£ > 7Z}. During the first 
CONMIN optimization step, i.e. between iterations 0 
and 1 in Figures 12 - 14, the smallest hf is found that 
satisfies the nonlinear constraint described by Equation 
20. The reduction structural mass is indicated in Fig- 
ure 13. At the end of the CONMIN optimization step, 
the MSC/NASTRAN® analysis results are shown at it- 
eration 1 in Figures 12 - 14. The new constraint func- 
tion indicates that a further mass savings can be made 
by reducing the stiffness still further during the second 
CONMIN optimization step. The convergence of the 
optimization program in two iterations is confirmed by 
the third segment of the results being nearly flat in Fig- 
ures 12 - 14. 



For the first and second optimization iterations in 
Figure 13 the discontinuous nature of the structural 
optimization results is quite noticeable. The first and 
second optimization iterations are bounded by the □ 
and A symbols. Convergence at the end of iteration 2 
between the linear optimization equations and the fi- 
nite element analysis equations is indicated in Figure 
13 by the symbol V, designating the third CONMIN 



In Figure 15 the flutter Mach number Mf predicted 
by the MSC/NASTRAN® flutter analysis is plotted 
against iteration number. The variation of Mf is 
considered to be within the accuracy of the calculation 
and the optimal design is considered to meet the design 
specifications. However, there is no guarantee that 
the optimal design will have the desired aeroelastic 
properties because the optimization only guarantees 
that 11>TV. 
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Figure 14. Optimization Results: 71 and IV vs Itera- 
tion. 
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Figure 15. Optimization Results: MSC/NASTRAN® 
computed Mj vs Iteration. 

Only a single initial value case is done in this paper 
because the objective of the paper is the examination of 
the Regier number criterion and not the optimization 
problem. If the structural optimization problem is of 
interest, several different initial conditions would have 
to be tested determine the existence of other minimum 
of the objective function in the design space. 

Table 8 lists the execution times of the Sensitivity 
& FEM Analysis, Optimizer programs, and flut- 
ter analysis. The execution times listed in Table 8 are 
divided by the execution time of the flutter analysis 
program. Based on the data in Table 8, the Regier 
constraint is an efficient means for calculating an op- 
timal structure with flutter constraint. The execution 
time for the structural optimization using the Regier 
constraint will be less that the procedure described in 
reference 3 since the method in reference 3 requires a 
calculations of the GAF at each iteration of the opti- 
mization. 

Table 8. Example Problem: Program Execution Times. 



Concluding Remarks 

A flutter constraint criterion based on the Regier 
number for aeroelastic structural optimization is intro- 
duced. The use of a constraint criterion makes it unnec- 
essary to calculate generalized unsteady aerodynamic 
forces between optimization cycles as do other methods 
used in aeroelastic design for flutter. 

The application of the method proceeds in the fol- 
lowing manner. Existing experimental flutter data in 
Regier number format are approximated by using Ar- 
tificial Neural Networks. This approximation is then 
used to develop the flutter constraint criterion. Next, 
the optimal flutter acceptable wing design is achieved 
by adjusting the design parameters to achieve the min- 
imum of the objective function, say structural weight, 
while satisfying the Regier constraint criterion. 

The procedure is illustrated by the application to 
an example problem. A simple, rectangular wing is op- 
timized for weight at a specified Mach number while 
achieving a desired minimum flutter condition. The 
data for developing the Regier number constraint are 
obtained from existing experimental results of similar 
configurations. The solution for the illustrative problem 
converged in two design cycles. Because of the simplic- 
ity of the Regier number approximation, little computer 
resources are required. 
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SUMMARY 

This is a four-part final report on the research supported by the Air Force Office of Sci- 
entific Research Center under Grant F49620-98-1-0112, Real Time Predictive Flutter 
Analysis and Continuous Parameter Identification of Accelerating Aircraft. 

1. Motivations and research plan 

Flutter clearance, which is part of any new aircraft or fighter weapon system de- 
velopment, is a lengthy and tedious process from both computational and flight testing 
viewpoints. An automated approach to flutter clerance that increases flight safety and 
reduces flight hours requires as a stepping stone the development of a real time flutter pre- 
diction capability. Such a fast analysis tool can be designed if the coupled fluid/structure 
aeroelastic system is represented by a simplified mathematical model that can be quickly 
adapted to changes in flight atmospheric conditions, aircraft mass distribution (weapon 
systems), fuel loading, and Mach number, and if the current parallel processing technology 
is exploited. 

Furthermore, flight testing is always required to establish the flutter envelope of an 
aircraft. The traditional method for determining such an envelop uses test data extracted 
from the vibration response of the aircraft at fixed flight conditions. The aircraft is first 
trimmed to a specific flight condition (Mach number and dynamic pressure), then its 
aeroelastic response is deliberately excited by applying an input to a flight control surface. 
The frequency and damping of the excited aeroelastic response are typically extracted from 



the vibration data. By repeating this test at many flight conditions, the flutter envelope 
can be determined. Such a traditional approach requires that the aeroelastic response 
be measured at many different flight conditions. This often requires a large number of 
flight test hours, a process which not only costs money but also exposes test pilots to 
proportionately increased risk. However, this test procedure can be expedited if data 
collected from continuously varying flight conditions can be used to extract the needed 
flutter damping and frequency values from an accelerating flight profile. In that case, it 
may be possible to greatly reduce the number of flight hours required for establishing the 
flutter envelope. 

The Air Force Flight Test Center at the Edwards Air Force Base (AFB) has expressed 
great interest in the above two problems, and therefore we have proposed to conduct 
a three-year research effort in real time flutter analysis, and the continuous parameter 
identification of an accelerating aircraft. More specifically, we have proposed to develop a 
simplified flutter analysis method that can be run real time to provide predictive frequency 
and damping values for maneuvers as flown. The enabling technology of such a real time 
flutter analysis capability is a formulation of the aeroelastic problem that allows, among 
other things, partial pre-solutions and the usage of parallel processing. 

We have also proposed to develop a parameter identification technique that can be used 
to extract frequency and damping values of an aircraft that is continuously accelerating. 
This technique is based on an arbitrary Lagrangian/Eulerian formulation for simulating 
accelerated flow problems and on windowing techniques. 

Here, we report on both efforts outlined above and which have been conducted in 
collaboration with the researchers and engineers of the Air Force Flight Test Center at the 
Edwards AFB. 



2. Results todate 

During the fiscal year 1998, we have obtained the following results, all of which pertain 
to our long-term objectives described above. 

2.1. A CFD based method for solving aeroelastic eigen problems in all flight 
regimes — - - — — . 

In a first step, we have designed a linearized CFD method for computing an arbitrary 
number of eigen solutions of a given aeroelastic problem. Our method is based on the 
re-engineering of a three-way coupled formulation previously developed for the solution 
in the time domain of nonlinear transient aeroelastic problems. It is applicable in the 
subsonic, transonic, and supersonic flow regimes, and independently from the frequency 
or damping level of the target aeroelastic modes. It is based on the computation of the 
complex eigen solution of a carefully linearized fluid/structure interaction problem, relies 
on the inverse orthogonal iteration algorithm, and reutilizes existing unsteady flow solvers. 
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We have validated this method with the flutter analysis of the AGARD Wing 445.6 for 
which experimental data is available. 

In a second step, we have improved the convergence of our linearized CFD method 
by enhancing the convergence of the inverse orthogonal iteration algorithm via the use of 
true second-order flow jacobians. We have simultaneously improved the convergence of 
our iterative solver applied to the solution of the underlying systems of equations. Both 
enhancements have allowed us to improve the overall CPU solution time of our method by 
a factor ranging between 4 and 10, depending on the given problem. 

Some aspects of this specific progress are documented in the following reports, which 
have- also been submitted and accepted for publication in archival journals: 

M. Lesoinne and C. Farhat, "A CFD Based Method for Solving Aeroelastic Eigen- 
problems in all Flight Regimes," Journal of Aircraft, (submitted for publication). 

M. Lesoinne, M. Sarkis, U. Hetmaniuk, and C. Farhat, "A Linearized Method for Extract- 
ing Eigen Solutions of Aeroelastic Systems," Computer Methods in Applied Mechanics and 
Engineering, (in press). 

X.-C. Cai, C. Farhat and M. Sarkis, "A Minimum Overlap Restricted Additive 
Schwarz Preconditioner and Applications in 3D Flow Simlations," Contemporary Mathe- 
matics, Vol. 218, pp. 478-484 (1998). 

2.2. Continuous parametric identification of an accelerating aeroelastic system 

The traditional flutter testing approach implies a relatively large number of flight test 
hours, a process which is not only expensive, but also exposes test pilots to increased 
risks. One way to expedite this test procedure is to develop a method for expanding 
the flutter envelope of an aircraft that can use data collected from continuously varying 
flight conditions. By extracting the needed flutter damping and frequency values from 
an accelerating flight profile, it may be possible to substantially reduce the number of 
flight hours required for establishing the flutter envelope of an aircraft. However, we 
have determined that two fundamental issues must be addressed before a method for the 
continuous parametric identification of an accelerating aircraft can be developed. 

The first issue deals with how the aeroelastic properties of an aircraft can be affected \y 
by a constant acceleration in a . level Bight or during maneuvering. In particular, is it 
possible to relate in a simple way the aeroelastic parameters measured in an accelerated 
flight to those measured in stabilized flight conditions? To the best of our knowledge, this 
issue has not yet been addressed in the literature. 

The second issue is related to the fact that most if not all identification methods used 
in practice implicitly assume that the given aeroelastic system is linear and non-varying 
in time. Whether these methods can still be used to analyze accelerated flight data, or 
whether new methods are required for this purpose remains an open question. 

During the first year of funding, we have addressed preliminary aspects of the above 
two issues by performing appropriate CFD based numerical simulations. More specifically, 
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we have considered a typical NACA 0012 wing section and investigated the effects of a 
horizontal acceleration on the aeroelastic response of this system. For this purpose, we had 
to upgrade our computational aeroelasticity capability to handle accelerated flight, which 
was by itself an interesting and rewarding research. We have reported on the aeroelastic 
results simulated in both cases of stabilized flight conditions and accelerated flight. We have 
compared these results and formulated preliminary conclusions regarding the theoretical 
feasibility of extracting the flutter envelope of an aircraft from an accelerated flight data. 

This specific progress is documented in the following AIAA paper: 

D. Rixen, C. Farhat, and L. Peterson, "Simulation of the Continuous Parametric 

Identification of an Accelerating Aeroelastic System," 37th Aerospace Sciences Meeting 

and Exhibit, Reno, Nevada, January 12-15 (1999). 

Motivated by our success for the NACA0012 airfoil, we have repeated our simulations 
of the continuous parameter identification of an accelerating aeroelastic system for a typical 
F16 wing section. We have designed this wing section from geometrical and structural data 
obtained from the Edwards AFB. The continuous parameter identification was simulated 
for the F16 typical wing section in accelerated flights with up to 0.05 Mach per second 
and for flight regimes extending from subsonic to supersonic. As shown in Figure 1, the 
aeroelastic parameters identified in accelerated flight are almost identical to those obtained 
in stabilized flight conditions. This work shows that the accelerated flight methodology 
is also applicable to a non-symmetric supersonic airfoil. In particular, the effectiveness of 
the accelerated flight approach remains good in the transonic region were the aeroelastic 
behaviour is highly non-linear. It was however not possible to match perfectly our numerical 
simulation results for the typical wing section with actual test results for the F16 (see Figure 
1) because the available test data are for a loaded wing, whereas our typical wing model 
was derived from a clean wing model, and because the typical wing section approach is 
valid only for uniform, straight and high aspect ratio wings. However, the typical wing 
section properties can be tuned so that the numerical simulation results are closer to the 
flight test data (e.g. in Figure 2 we show the influence of the position of the elastic center). 
Further work will apply the accelerated flight methodology to a full 3-D aeroelastic model. 
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Figure 1. : identification on F16 typical wing section 
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Figure 2. : model tuning 

2.3. Design of an F16 advanced aeroelastic model 

Because we envision applying our methods to an F16 fighter for which flight test data 
will be given to us by the Edwards AFB, we have acquired from Lockheed-Martin two 
different finite element models of an F16 aircraft version Block 50. The first model is a 
static one and therefore does not contain the mass distribution. The second model is a 
linear dynamic model which contains the needed mass information but is not adequate for 
stress analysis. We have began converting these models to our software modules, refining 
them for more advanced aeroelastic computations, and combining the best of their features 
to construct a unified and advanced aeroelastic dynamic finite element model. 

2.4. Interaction with the Air Force Flight Test Center at the Edwards AFB 

During the first year of funding, we have had three meetings at the University of 
Colorado at Boulder with three representatives of the Flight Test Center at the Edwards 
AFB. During these meetings, we have reported on our progress, communicated our findings 
and conclusions, discussed technical details, and improved our understanding of some 
important issues related to our research and Air Force technical needs in these areas. We 
have also been in permanent contact with Flight Test Center personnel by phone and 
e-mail to acquire flight test and other data, and various grids and models. 
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3. Future work 

Next/ we plan to focus on the following activities: 

Towards real time flutter analysis. The behavior of the fluid can be uniquely char- 
acterized by the Mach number and the angle of attack. Furthermore, using the approach 
advocated in the original proposal (Section 2.1.4), one can completely characterize the 
aerodynamic forces acting on an aeroelastic system by computing a specific set of canoni- 
cal functions. Once these functions are determined for a given Mach number and a given 
angle of attack, the eigen solutions of the coupled aeroelastic problem can be computed for 
any value of the altitude, speed of sound, and any distribution of the structural mass and 
stiffness. Hence, we are currently working on developing the strategy for precomputing 
the canonical functions, expanding them for various Mach numbers and angles of attack 
using a discrete or other approximate form such as least-square fitting with exponential 
series or storing them using a compressed Laplace transform. Then, we will exploit them 
as needed to compute the eigen solutions of a target aeroelastic problem. Next, we plan 
to investigate two approaches for handling in real time changes in the Mach number and 
the angle of attack: a sensitivity based scheme, and curve fitting. 

Continuous parameter identification of an F16 aeroelastic system. Motivated by our 
success for the F16 typical wing section, we are currently planning our simulations of the 
continuous parameter identification of an accelerating aeroelastic system for complete F16 
(three-dimensional) configurations, with maneuvers. 

4. Publications that have resulted from the first year of support 

1. M. Lesoinne and C. Farhat, "A CFD Based Method for Solving Aeroelastic Eigen- 
problems in all Flight Regimes," Journal of Aircraft, (submitted for publication) 

2. M. Lesoinne, M. Sarkis, U. Hetmaniuk, and C. Farhat, "A Linearized Method for 
Extracting Eigen Solutions of Aeroelastic Systems," . Computer Methods in Applied 
Mechanics and Engineering, (in press) 

3. X.-C. Cai, C. Farhat and M. Sarkis, "A Minimum Overlap Restricted Additive 
Schwarz Preconditioner and Applications in 3D Flow Simlations," Contemporary 
Mathematics, Vol. 218, pp. 478-484 (1998) 

4. M. Lesoinne and C. Farhat, "Re-engineering of an Aeroelastic Code for Solving Eigen 
Problems in All Flight Regimes", ed. by K. D. Papailiou, D. Tsahalis, J. Periaux, 
C. Hirsch, and M. Pandolfi, Computational Fluid Dynamics' 98, Proceedings of the 
Fourth European Computational Fluid Dynamics Conference, Athens, Greece, pp. 
1052-1061 (1998) 

5. D. Rixen, C. Farhat, and L. Peterson, "Simulation of the Continuous Parametric 
Identification of an Accelerating Aeroelastic System," 37th Aerospace Sciences Meet- 
ing and Exhibit, Reno, Nevada, January 12-15 (1999) 
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3.5 Smart/Intelligent Sensors 

A smart/intelligent sensor or an intelligent system of sensors /instruments is a 
critical element of a smart/intelligent structure. Definition of the words "Smart 
Sensor" has been evolving and expected to change its evolutionary processes with 
time. A smart sensor [1,2,3,4] may be considered as one that is capable of: (1) 
converting some form of environmental stimulus into an electrical signal; (2) 
providing signal conditioning; (3) executing commands and logical functions; (4) 
communicating through a bi-directional digital bus; (5) making solid decisions based 
on incomplete information gathered from multiple sensor inputs using fuzzy logic; 
and (6) performing such functions as health monitoring and auto-calibration. 

Technology for the first five capabilities are already available, namely very large 
scale integration (VLSI) and micromachining/microtechnology. Some commercial 
sensors with such capabilities are already on the market, such sensors are CMOS 
based monolithic capacitive pressure sensors with signal conditioning circuit and 
micromachined silicon accelerometer with digital circuitry on the same chip. These 
sensors are inherently small and well suited for embedding as an integral part of a 
smart structure. 

A new type of an acoustic transducer array [5] has been developed using 
polyvinylidene difluoride (PVF2) as a sensing material which is placed on a metal- 
oxide-semiconductor field-effect transistor (MOSFET). A linear 34-element 
receiving transducer array has been built and evaluated. A radio frequency (RF) 
telemetry system for powering and control of smart sensor has been reported [6]. 
The sensor is a single channel implantable microstimulator for neuromuscular 
stimulator with a 12 volt rechargeable battery which is periodically charged using a 
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suppress flutter. A flutter mode could be destabilized by means of a weight on the 
wing, resulting in flutter within the normal flight envelope. The automatic system 
was used to stabilize the flutter mode. In case of failure of the automatic system, the 
weight could be dropped to restore stability. The results of this project are given in 
references [5]. 

While the LAMS project was intended to demonstrate the feasibility of in-flight 
flutter suppression, it was limited in its capabilities by the state of the art of 
servomechanism design, since it depended on analog systems. More complex 
instrumentation and on-board calculation is required to make such a system 
feasible. As yet, no service airplanes have appeared with automatic flutter 
suppression systems. Among the problems of a practical installation is the 
separation of structural oscillations due to rough air from those due to flutter. It is 
possible that the greater capabilities provided by embedded sensors would make 
such a system feasible. 

3.4.6 Aeronautical and Structural Research 

The difficulty of instrumenting an airplane for research purposes has already been 
pointed out. If the distributed instrumentation were incorporated in the materials 
used in the structure, the airplane could be equipped for many types of studies not 
contemplated at the time of the original design. Even wind-tunnel models could 
benefit from these techniques. A study in reference [6] describes an optical system 
for measuring the static deflections of a wing in the tunnel. Obtaining and 
evaluating the data by this method is a long and tedious process. Embedded 
instrumentation would allow computer analyses of the data, and might give 
sufficient coverage to obtain these results. 

The measurement of pressure distribution is very important subject in aeronautical 
research. As yet, pressure sensors have not been developed that can be incorporated 
in the materials used in the structure. If such sensors were developed, many 
capabilities would be presented of value both for research and service operations. 
Pressure capsules attached to embedded conductors might also simplify 
installations, but the capsules would have to be very thin and smooth to avoid 
disturbing a laminar boundary layer. The use of embedded devices for pressure 
measurements is a desirable subject for future research. 

3.4.7 References 

1. Skopinski, T. H., Aiken, William S. Jr., and Houston, Wilber B.: Calibration of 
Strain-Gage Installations in Aircraft Structures for the Measurement of Flight Loads. 
NACA TN 2993, Aug., 1953. 
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source of unreliability. All of this equipment is provided in triplicate or 
quadruplicate, with voting to rule out failed components, in order to provide the 
high reliability required in a control system. 

Although the redundancy provided in an modern airplane required a great deal of 
design effort and installation difficulty, the degree of redundancy is negligible 
compared to that in the nervous systems of living creatures. Feedback sensors are 
provided for every hair and muscle fiber. The destruction of large numbers of these 
sensors, though it gives warning of a problem in the form of pain, may not interfere 
with normal activities. Such a picture forms a goal for the use of embedded sensors 
in airplanes. Modern techniques using distributed sensors give the possibility to 
emulate the capabilities of living creatures, as well as possibly to reduce the 
installation problems of providing a control system separate from the primary 
structure. 

A field of research that has received considerable emphasis is the design of active 
systems to damp structural oscillations or to suppress flutter. Before such systems 
can be considered, however, it is necessary to have instrumentation to measure in 
flight the oscillation mode shapes and stresses throughout the structure. As soon as 
large, flexible airplanes became available, the NACA undertook studies to 
investigate the techniques required to obtain such data. A series of tests were 
conducted on an instrumented B-47 airplane, starting in 1952, to measure wing 
motions and stresses in dynamic maneuvers involving structural oscillations. The 
airplane was instrumented by installing strain gages on the front and rear spars at 
four stations on the span, in addition to an optical instrument to measure structural 
displacements at these stations and at various locations on the fuselage and tail. 
The standard research instrumentation to measure airplane rigid-body motions was 
also installed. The installation of equipment was very difficult because of the lack of 
accessibility to many parts of the structure. Installing the wiring and strain gages in 
the wing required over a year's work at Langley, after which flight tests were 
conducted at the High-speed Flight Research Center (now the Dryden Flight 
Research Facility) at Edwards, California. 

A number of reports were published on the techniques of strain-gage 
instrumentation and on the B-47 tests. The method of calibration of strain gages is 
presented in ref. [1]. Presumably, similar techniques could be used in the case of 
distributed instrumentation. Some results of the flight tests on the B-47 are given in 
references [2-4]. 

An important application of measurements of dynamic oscillations of an airplane 
structure is the prevention of flutter at speeds beyond the flutter speed of the 
uncontrolled vehicle. Such a system might be desirable because it could result in 
lower structural weight or give the designer more freedom in choosing a 
configuration. A research study of this possibility was made by the Air Force in the 
LAMS project, an acronym for "load alleviation and mode stabilization". A B-52 
was fitted with instrumentation and servomechanisms to operate the controls to 
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airplane structure are difficult to inspect, however, and a crack may go unnoticed 
until it causes failure of member. Corrosion is even more insidious, because it can 
attack a large number of rivets or other members simultaneously without visible 
effects. Some method to monitor such deterioration on a continuous basis would be 
very desirable. 

In airplanes with composite structures, the possibility exists to install distributed 
sensors in the form of optical fibers or other devices in sufficient numbers to give a 
detailed coverage of the structure. Such sensors could have multiple uses, but one 
simple application would be to detect cracks that break the sensors in a localized 
region. In this way, cracks could be detected on a continuing basis and repairs could 
be made before the condition became serious. — 

3.4.4 Load History Recording 

Recording the history of loads experienced by an airplane in flight is a traditional 
method to obtain data applicable to the design of new airplanes. Instruments such 
as VG and VGH recorders have been distributed by NACA and NASA to the 
airplanes and military services to obtain data in service operations. Usually, only a 
few airplanes in a fleet can be so outfitted. In more recent times, flight recorders are 
carried by all commercial airplanes. These instrumented record on a continuous 
tape so that only the last half hour of flight is available on the record. Usually these 
records are examined only in case of an accident. 

Continuous recording of data from distributed sensors would allow a much more 
detailed study of service loads. These data would be of particular interest for study 
of fatigue, because the many smaller loads as well as the few large loads would be 
recorded. Also, many parts of the structure susceptible to fatigue loads, but not 
usually investigated in service airplanes, could be studied. These members could 
include hinge brackets, wing ribs, control rods, etc. With the availability of such 
data, future airplanes could be designed with less excess weight now required to 
provide for the margin of error in knowledge of the loads. 

3.4.5 Sensing of Feedback Quantities for Control 

Control of the rigid-body motions of an airplane is usually accomplished by using a 
set of instruments located in the cockpit area. These instruments, measuring 
quantities such as airplane attitude, accelerations, angular velocities, etc. form the 
nerve center of the airplane and are used to provide feedback signals for the control 
system as well as to provide cockpit displays for the pilot. Many quantities required 
in modern airplane control systems, however, can not be measured at a central 
location and require remote sensors connected by wiring, or, in the case of digital 
systems, a data bus, to the central computer. For example, angle of attack is 
measured using a sensor either in the nose or on the wing, sideslip is measured by 
vanes under the fuselage, control positions are measured with pickups on the 
control surfaces, etc. These remote sensors and their associated wiring form a major 
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3.4.2 Certification Tests 



Each new airplane is required to go through certification tests to verify that it meets 
its requirements for strength, performance, maneuverability, and handling 
qualities. These tests are hazardous because the limits of the flight envelope are 
being explored while the airplane is still new and untried. Present methods to 
minimize danger consist in gradually increasing the limits of the flight envelope, 
while examining the data on motions and loads with specially installed 
instrumentation. The instrumentation is expensive and may be rather minimal in 
its coverage because the difficulty of fitting additional equipment in an already 
crowded airframe. It is quite possible that a critical problem may be missed because 
of inadequate measurements. 

The rationale of the certification tests is that the load distribution, stability, and 
stalling characteristics have been predicted by theory and by wind-tunnel testing. As 
a result, at a given load factor the distribution of structural loads can be predicted. 
Measurements at a few points can be considered to validate the adequacy of the 
entire structure. In practice, however, the load distribution in flight may be 
different from that predicted. Structural failures may therefore occur at localized 
regions where the loads have been predicted incorrectly. In general, there is no 
method to measure the detailed load distribution during certification tests. 

Further problems may occur during dynamic maneuvers because of aeroelastic 
distortions or structural oscillations. Such problems may be noted bythe test ~~ 
instrumentation, but the detailed analysis of the problem to determine a cure 
requires knowledge of mode shapes that cannot be measured by the limited test 
instrumentation. 

The availability of distributed sensors with on-line analysis of the data would greatly 
enhance the safety of testing, while eliminating the expense of special test 
instrumentation. In general, even if not all the sensors could be hooked up at once, 
detailed studies of localized trouble spots could be made, and mode shapes of the 
entire structure could be measured to enable checks of dynamic stability predicted 
from previous analysis and simulation studies. 

3.4.3 In-Flight Structural Monitoring 

When an airplane is placed in service following completion of the certification tests, 
the assumption is made that airplanes build to the same design will be free from 
structural failure. In most cases, the loads encountered in service are less than the 
values successfully demonstrated, so that the airplane does not often encounter 
catastrophic failure in flight. More subtle forms of failure due to fatigue and 
corrosion are, however, a source of concern. The method of checking for fatigue 
cracks is to inspect the airplane at periodic intervals, using magnetic or x-ray 
techniques, to locate incipient cracks before they become serious. Many parts of an 
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3.4 Applications of Embedded Sensors in Aircraft 
3.4.1 Introduction 

One of the promising applications of new techniques and materials involved in the 
field of smart structures is the provision of embedded sensors in the structure. 
Because of the small dimensions of these devices and ability to install them during 
construction of the airplane, the sensors could conceivably be much more 
numerous and widely distributed than the presently used discrete sensors- Such 
devices are currently in the research stage, and are not available for service use. 
This discussion is intended to show possible desirable applications of these 
techniques. 

The applications of embedded sensors considered herein are as follows: 

Certification tests ^ I 

In-flight structural monitoring 

Load history recording 

Sensing of feedback quantities for control 

Aeronautical and structural research 

Much of the discussion is based on earlier experience in flight research on 
instrumented airplanes. Because of the need for more extensive instrumentation in 
these tests than in service use, some of the applications have been explored, or at 
least studied in a preliminary way. The availability of distributed sensors, together 
with the data-handling capability of present-day computers, would allow routine 
use of techniques that have previously been considered only in research projects. 



A State-of-the-Art Assessment of Active Structures 37 



10. J. de Luis and E. Crawley, " Experimental Results of Active Control on a 
Prototype Intelligent Structure," in 37sf AIAA SDM Dynamics Spec. Conf. Proc. 
AIAA paper 90-1163 (1990). 

11. R.E. Newnham, Q.C. Xu, S. Kumar, "Smart Ceramics," Ferroelectrics, 102, 259- 
266,(1990). 

12. R.Y. Ting, " The Hydroacoustic Behavior of Piezoelectric Materials," 
Ferroelectrics 102, 215-224 (1990). 

13. Collins, Padilla, H. von Flowtow, "Design, Manufacture, and Application to 
Space Robotics of Distributed Piezoelectric Film Sensors," 37sf Structures, Structural 
Dynamics and Materials Conference, AIAA paper, (1990). 

14. H. Takeuchi, H. Masuzawa, C. Nakaya and Y. Ito, "Relaxor Ferroelectric 
Transducers," Proc. IEEE Ultrasonics Symp., pp. 697-705 (1990). 

15. R.C. Buchanan, "Ceramic Materials for Electronics,") 2nd edition, Marcel Dekker, 
Inc. (1991). 

16. A. Preumont, J. Dufour, and C. Malekian, "Active Damping by a Local Force 
Feedback with Piezoelectric Actuators," AlAA/ASME/ASCE/AHS/ASC Structures, 
Structural Dynamics, and Materials Conference, 32nd, Baltimore, MD, Apr. 8-10, 
(1991). 

17. T. W. Lim, "Sensor Placement for On-Orbit Modal Testing," 
AlAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 
Conference, 32nd, Baltimore, MD, Apr.8-10, 1991. 

18. R.E. Newnham, G.R. Ruschau, "Smart Electroceramics," /. Am. Ceram. Soc, 74 
(3), 463-480, (1991). 

19. R.E. Newnham, Q.C. Xu, S. Kumar and L.E. Cross, "Smart Ceramics," /. Wave- 
Material Interaction, 4,3-10, (1989). 

20. J. Fanson, G. Blackwood, and C. Chu, "Active Member Control of Precision 
Structures;" in 30th AIAA SDM Conf. Proc, AIAA paper 89, 1329, (1989). 

21. T. Bailey and J.E. Hubbard, "Distributed Piezoelectric-Polymer Active Vibration 
Control of a Cantilever Beam," /. Guidance Control and Dynamics, 8 (5), 605-611, 
(1985). 

22. E.H. Anderson, D.M. Moore, and J.L. Fanson, "Development of an Active 
Member Using Piezoelectric and Electrostrictive. Actuation for Control of Precision 
Structures," AIAA SDM Conf, Part 4, April 2-4, (1990). 



$$ A $Me-0f ihi>-Art Aawmnctti of Active Sinn-lares 



For the U.S. Army, Georgia Tech researchers have been working on ways to 
improve helicopter blades. PE film sensors and shape memory alloy have been 
bonded to beam models of the blades. By inducing appropriate twisting effects, 
smart helicopter blades can vibrate less and be quieter. 

Boeing has also embedded PE ceramic sensor/ actuators in an aluminum beam and 
has demonstrated active damping. Their research topics include developing 
attachment adhesive at the piezoelectric interface which will improve feedforward 
response, reducing piezoelectric fatigue and microcracking, coating thin piezoelectric 
material on graphite fibers, and integrating piezoelectric materials with electronics. 
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sintered into highly dense ceramic filaments and rods. Any sinterable ceramic or 
metal powder can be used in this process to produce a variety of monofilament v 
shapes and sizes. Fiber can be spun into various diameters (3 to 50 mil) and cross- 
sectional shapes, such as hollow tubes, square and rectangular, and others. These 
fibers are used to make d 33 piezocomposites. After the epo*y casting and cure the PE 
composite is sliced, ground and polished. Air-dried silver is applied to the 
composites flat surface followed by poling in an oil bath at 1,6 KV/MM, 120°C for 15 
min. Piezoelectic measurements of this system were conducted at the Materials 
Research Laboratory, Pennsylvania State University, and are shown in Appendix H. 
The effect of varying fiber/resin type, volume fraction, and fiber diameter size 
(among other factors) on the resulting PE properties is an exciting area of research. 

3*3.2.4 Ultrasonic Imaging 

A PE fiber /epoxy composite has been developed for medical ultrasonic imaging 
applications [9]. The PZT fiber volume is greater than 65%. This gives the material 
a high electromechanical coupling coefficient (k t ) for needed high sensitivity. The 

low compliance polymer allows a relatively low acoustic impedance to match that of 
tissue for medical imaging- The requirements for this application can not be met by 
monolitic PZT (high coupling coefficient/ high acoustic impedance) or PE polymers 
(low acoustic-impedance /low coupling coefficient) alone, 

3.3.2.5 Vibration and Shape Control 

Smart strut technology for application to spacecraft vibration using embedded PE 
sensors and actuators in graphite/epoxy structures (d 13 actuation) is being studied at 

MIT, TRW, and Boeing, among others. At MIT, a composite panel with embedded 
actuation was constructed and tested. The graphite/epoxy plate contains 32 PE 
actuators and localized PE sensors and accelerometers, incorporated into the 
structure by making small cutouts in individual graphite/epoxy plies during layup. 
Test results indicate that the PE ceramics and connecting wires caused only 20% 
tensile strength reduction in composite beams that could be excited or damped with 
these inserted materials. MIT has also developed FEA models to strategically locate 
PE actuators/sensors in high-strain regions of the structure. Their models also aid 
in the selection of ceramic modulus, most compatible with the structure. 

TRW has embedded thin PZT actuator and sensor wafers in graphite/epoxy, 
polycyanate, and thermoplastic members. These have then been subjected to fatigue 
and thermal cycling. It was found that fatigue loading, at less than 1500 microstrain, 
actually enhanced the actuator/sensor feedforward by 1-10% (see Appendix I). This 
is most likely due to the degraded stiffness of the laminate being pushed upon. 
Beyond 1500 microstrain, a deterioration of 12% feedforward resulted. Greater 
deterioration to feedforward resulted from thermal cycling (10-30%), indicating the 
design need to lower the coefficient of thermal expansion mismatch of materials. 
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3*3.2*2 PE Composites 



PE composites may generally be described as multiple-phase systems in which the 
overall PE properties that result from the composition can not be obtained from any 
known single-phase material. A PE composite may be designed to have unique 
properties that are best suited to a specific application. These properties include the 
dielectric constant, PE coefficients (d..), voltage coefficients (g..), PE coupling factors 
(k.p, density and degree of brittleness, among others. Monolithic PE ceramics, 
although having excellent electromechanical coupling qualities, are too brittle for 
hydrophone use and have too high an acoustic impedance for ultrasonic imaging 
devices. However selected properties from these ceramics may be derived by 
incorporating them into a composite design. This typically involves a PE ceramic in 
the form of a rod, fiber or powder embedded in a resin matrix. The ceramic 
provides the electromechanical coupling required while the matrix compliance may 
be tailored to the application through proper resin selection. Some of the 
developments in this area are discussed as follows. 

3.3,2,3 Hydrophones 

A considerable amount of work has been done through The Of fice of Naval 
Research (ONR) and Perm State University toward the development of 
piezocomposites for hydrophones [6]. A hydrophone is an underwater transducer 
used to detect sound. The "figure of merit 1 ' for hydrophone performance is the 
product of the hydrostatic piezoelectric coefficient, d h , times the hydrostatic voltage 

coefficient, g h . Other desirable properties for a hydrophone are low density for better 
acoustical matching with water, little or no variation of the hydrostatic piezoelectric 
coefficient and the hydrostatic voltage coefficient with pressure, temperature or 
frequency, and high compliance and flexibility so the transducer can withstand 
mechanical shock and conform to any surface. A recent study of calcium doped 
PbTi03 (PT) rods in two types of epoxy polymers showed that the hydrostatic 
piezoelectric coefficient of the composites increased with increasing ceramic volume 
fraction (see Appendix G and reference 8). For 20% PT rod loading, the hydrostatic 
voltage coefficient values at room temperature were 67 mV-m/N with the stiffer 
epoxy and 50 mV-m/N with the more compliant epoxy. These values compare to 
30 mV-m/N for the monolithic ceramic PT and 2 to 3 mV-m/N for monolithic PZT. 
The hydroacoustic response of the composite was found to be frequency 
ktdependejit from 100 Hz to 6 kHz. These results suggest that piezoelectric 
composites represent a class of promising new materials for underwater acoustic 
applications. 

Another form of piezocomposites, being considered for sonar detection is being 
developed using PE fibers. CPS Superconductor, Milford Ma. has developed a 
process to fabricate PE fiber. Commercially available PZT 5H powder is compounded 
with a proprietary polymer system and extruded at an elevated temperature (melt 
spun "green fiber"). The polymer is removed by heating and the ceramic powder is 
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Polymeric PE films are the most recently discovered PE material and the most • 
widely used as sensing devises [4J. They convert a mechanical force to an electrical 
response and, conversely, an electrical signal to a mechanical motion. They are 
more pliant, flexible, tough and lightweight than previously known piezoelectric 
materials. The most widely used PE film is based on polyvinylidene difluoride 
(PVDF), which has the highest PE and pyroelectric activities of any known polymer 
(Appendix E). High PE response is associated with the polar form of the polymer in 
which the hydrogen and fluorine atoms are arranged to give the maximum dipole 
moment per unit molecular cell. This arrangement is produced by means of 
treating the material in an intense electric field . The resulting product exhibits a 
large net polarization which gives the film its high PE activity. The level of PE 
activity is defined by the piezoelectric strain and stress constants, d 31 and g 31 

respectively. By definition, the first subscript refers to the axis of polarization and 
the second to the axis of induced stress or strain. Typical properties of PE film 
(PVDF) are listed in Appendix F. A discussion of some applications follows. 

In aircraft concepts designers have been studying ways to change the shape and 
stiffness of wings according to flight conditions. The current Air Force "smart 
skins" program deals with the incorporation of sensors and actuators within 
composite aircraft panel structures. Researchers at MIT spatially distributed PVDF 
film, bounded to a steel beam structure, such that the output was selectively 
proportional to a particular deformation pattern [5]. In this manner, the PE film 
served as "modal sensors" capable of supplying information on individual dynamic 
mode shapes. This direct measurement of the natural modes of vibration could 
help eliminate control system estimation techniques based on complex algorithms 
that decompose a vibration into these natural modes. These techniques are often 
limited in accuracy and dynamic response. 

Innovative Dynamics, Ithaca, NY has proposed an in-flight aircraft deicing system 
using PE film to sense changes in wing-vibration signature that result from ice 
build-up. If the system detects ice, it triggers an eddy-current actuator to "ping" the 
wing, knocking the ice loose. The flexible PE film remained intact, whereas the 
ridged PE ceramics were subject to breakage when the wing was pinged. Innovative 
Dynamics is also applying PE films for acoustic-signature mapping of aging aircraft 
structures. Eddy-current actuators are used to "ping" the structure, while the flexible 
PE film monitors vibrations, sending an electric signal proportional to the pressure 
of the vibration. Changes in the acoustic-signature map are used to detect rivet-line 
corrosion, fatigue cracks, loosening engine mounts and attachments. At 
Westinghouse Electric Corp., PE ceramics are placed on waveguides and embedded 
into composite structures representative of submarine hulls. Acoustic signals 
generated by cracking or delamination of the composite are transmitted by the wave 
guides to the PE ceramics which convert the impulses to electric signals allowing 
location of the fault. PE film is suggested for vibration-damping systems in air- 
conditioning ducts, fuselage noise-and vibration control, and sound damping of 
large truck bodies. 
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3.3 Piezoelectric Sensors 

3.3.1 Overview 

Considerable research has been conducted by aerospace and commercial industries 
in the development of piezoelectric (PE) materials as sensors for a wide range of 
applications. Defense applications include submarine hull hydrophones for 
detecting sonar and active noise suppression [1], acoustic-signature health 
monitoring for aging aircraft, in-flight deicing and aeroelastic tailoring, vibration 
suppression for helicopter blades [2], detonators and shock wave gages, to name a 
few. Some of the many commercial uses of PE sensors/actuator systems are shown 
in Appendix E 

Some of NASA's future space missions will require challenging material and design 
developments. Structures composed of antennas, reflectors, optical benches, 
telescopes, optical interferometers and truss members will require high dimensional 
control, on the order of nanometers (in some cases picometers) over very large 
distances, up to a 100 meters [3]. These will require precision pointing, shape control 
and rapid retargeting. Once initial alignment is attained, precision will have to be 
maintained in the face of on-board disturbances and temperature variations. For 
truss structure, the active strut member must be able to carry normal loads while 
also able to sense and damp out disturbances through actuation. Since deflection 
levels may not exceed a few micrometers at a maximum, strain sensing/actuation is 
considered the most effective approach. Candidate materials include piezoelectrics, 
electrostrictors, and magnetostrictors. More details of PE uses as sensors follows. 

3 J<2 PE Matenals/ApplkaiiotfS 

3.3.2.1 PE Film 

PE films may be fabricated from ceramic or polymeric material. PE ceramic films are 
being developed for memory devices and data storage, which requires deposition in 
thin film form for application in silicon circuits. PE ceramic films/plates are also 
being studied as actuators in structural composites. 
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3.2.4 Weight and Torque 



Some years ago, Gast reported on an electromagnetic balance which was combined 
with an electrostatic attachment for measuring torque [6]. Conceivable applications 
of an instrument would include measurement of density and viscosity, 
determination of permittivity and dielectric loss, and other combinations of 
properties that are functions of temperature, pressure, and other variables. 

Additional work has been performed by using a magnetic suspension balance 
system to measure weight and torque [7]. This can be accomplished simply by using 
a pair of mutually attracting horseshoe magnets where the poles are kept at a 
predetermined distance by automatic control. The lower magnet carries two vanes 
of copper sheet, aligned in a horizontal plane, which are in the sensitivity range of 
symmetrically arranged inductive sensors fixed to the upper magnets. The sensors 
are connected in a Wheatstone bridge in such a manner that the distance and 
angular position of the vanes under load can be measured simultaneously giving 
weight and torque. For more details and further explanation, see Reference [7]. 

3.2.5 Electromagnetic Radiation and Heat Transfer 

A technique for measuring dielectric loss tangents has been developed in 
connection with measuring various parameters of pyroelectric materials. These 
materials have the potential as detectors of electromagnetic radiation and sensors in 
heat transfer measurements. This technique uses well-known concepts and requires 
only conventional laboratory equipment. The technique allows for measuring 
dielectric loss tangents in the range of 0.1 to 2 with frequencies from 15 Hz to the 
megahertz range. Additional information is found in Reference [8]. 
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3.2 Dielectric Loss Sensors 



3.2.1 Definition 

Dielectric loss sensors function as the name implies; they measure the change in the 
electric field for a specified material or specimen. The sensor works similar to a 
parallel capacitor in that it senses loss or change in current or properties. Dielectric 
measurements are performed by placing a sample of the material to be studied 
between two conducting electrodes, applying a time-varying voltage between the 
electrodes, and measuring the resulting time-varying current. For further 
explanation of dielectric measuring techniques, see Reference [1]. 

3.2.2 Historical Perspective 

Measurements of dielectric properties have been used to monitor chemical reactions 
in organic materials for more than fifty years. In 1934, Kienle and Race [2] reported 
the use of dielectric measurements to study polyesterification reactions. Many of the 
major issues were identified in that early paper, such as the fact that ionic 
conductivity often dominates the observed dielectric properties, the correlation 
between viscosity and conductivity early in the curing process, and the possible 
contribution of orientable dipoles and sample heterogeneities to measured dielectric 
properties. 

Many other papers were written since 1934 documenting these types of techniques to 
measure chemical change. The description of some of these findings as it relates to 
the curing of thermosets can be found in Reference [1]. 

3.2.3 Property Change 

In recent years, dielectric measurements have been utilized to study the curing of 
thermosets. Efforts have been made to develop a method to simultaneously 
measure the viscosity and dielectric properties during various cure schedules to 
understand the relationships [3]. A commercially available, interdigitated comb 
electrode dielectric sensor [4,5] was used for the dielectric measurements for the 
studies of Reference [3]. The Micromet Eumetric System II microdielectrometer was 
embedded in the material and was capable of operation in a frequency range of 0.005 
to 10,000 Hz. 

Reference [3] explains the usefulness of measuring the dielectric loss factor during 
the curing process as it relates to ionic concentration and mobility. The ion mobility 
is a direct function of the polymer segment mobility which change dramatically as 
the resin cures. Therefore by monitoring the dielectric loss, the cure process can be 
tracked. 

Additional information on dielectric loss sensors related to thermosets can be found 
in Reference [1]. 
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already been applied to monitoring oil pipelines for long distances and represent an 
emerging and enabling sensor technology. 

Future advances in opto-electronics and signal processing will very likely open new 
avenues for sensing and make this technology an important part of NDE for 
assuring the safety and reliability of aircraft and spacecraft. 
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Fiber optic sensor technology can be combined with advanced material and 
structural concepts to produce a new class of materials with internal sensors for 
health monitoring - providing the opportunity for smart structures. There are 
many potential uses of such materials in aircraft and spacecraft, especially where 
critical structural components have been identified and using the new materials 
proves cost effective. Space Station will require some type of sensing system to 
monitor the vibrations of the structure and feedback information to control 
mechanisms. A fiber optic sensor system for monitoring strain seems ideally suited 
for this application since the structure is large and flexible and requires a method for 
dynamic control. At least some parts of future aircraft will have fiber optic sensors 
for monitoring strain and impact damage. Commercial aircraft may be able to 
extend their useful life through proper monitoring of load spectra directly from the 
fiber optic sensor. In addition, the cost of maintenance may be reduced through 
"maintenance for cause" based on actual environmental history rather than air 
time. Certainly, military aircraft would benefit from having a damage detection and 
evaluation capability during engagements. The information would be invaluable to 
the pilot for deciding on a course of action after suffering damage to the aircraft. 

To realize these benefits some important issues must be addressed. Very little has 
been done to determine the effect of embedding fibers on the strength of the 
material. Czarnek has reported very different strain fields around an optical fiber 
depending on the orientation of the fiber with respect to adjoining plies in the 
graphite/epoxy composite.[6] The effect of fiber coatings on the response of the 
embedded fiber to various environmental parameters must be investigated. Their 
is some evidence that polyimide coated fibers are more suitable for strain 
measurements than standard acrylate coatings. [25] Also strain fields induced in the 
optical fiber from forces surrounding it when embedded or attached must be 
understood. [38] 

Most of the early work has been done with standard communication fibers, but 
custom fibers with numerical apertures unsuitable for high speed communications 
may be more appropriate for sensing applications.[12] 

Investigation of radiative properties of specialty optical fibers, as they relate to 
mechanical stress, may be of benefit for local strain measurements along an 
embedded fiber. Specially coated fibers may be useful for monitoring corrosion and 
aging in materials. Atomic oxygen is very corrosive to composite materials in near- 
earth orbit. Research is underway in our laboratory to measure the effects of atomic 
oxygen on composites and to monitor atomic oxygen with a fiber optic sensor. 

Other exciting uses of this technology may be in monitoring strain in large 
structures such as buildings, ships, storage tanks, pressure vessels, dams and 
bridges. [20,41] The optical fibers with their low attenuation can literally span a 
bridge for miles and return information regarding structural integrity. The fibers 
may also find application to geodynamic monitoring as a low cost, large area sensors 
for strain/ vibration associated with earthquake prediction. Fiber sensors have 
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AL/L ~ - AF/F 



where L is the effective path length (optical plus electronic) and F is the nominal 
frequency value. 

The optical phase locked loop has been applied to the measurement of dynamic 
strain in a cantilever beam [321 and quasi-static and dynamic strain with an optical 
fiber implanted in a filament wound graphite/epoxy tube. [33] Rowe, et. al. have 
used similar radio frequency modulation techniques to monitor strain in composite 
materials. [34] 

3.1.4 Non-Destructive Evaluation and Damage Detection 

Embedded optical fibers allow not only cure monitoring and in-service lifetime 
measurements but may also be used to non-destructively evaluate material 
degradation and damage as the material ages. The modal domain sensing system 
described above has been applied specifically to the detection of acoustic emission in 
loaded composite specimens. [2] An optical fiber used as an acoustic transducer has a 
very wide bandwidth compared to conventional transducers. The electronic 
processing of such signals using conventional acoustic emission analysis procedures 
is complicated because the impulse response function of the fiber exhibits a much 
stronger low frequency response than piezoelectric ultrasonic transducers. [7] 

Some level of damage detection may also be afforded using embedded optical fiber 
sensor methods which locate excessive internal strain by the breakage of optical 
fibers arranged in a two dimensional array.[13,23,28,43] The disadvantage of such 
techniques is that levels of damage that do not break fibers cannot be detected and 
once fibers are broken no additional data may be gathered. 

The capability of this type of damage detection system has been extended to 
additionally allow the quantitative determination of two dimensional strain in 
materials using several methods. First, the two dimensional strain field may be 
determined using single mode optical fibers embedded in a grid array, with 
interferometric techniques used to measure strain along the individual fiber 
lengths, and numerical methods used on the multiple output signals to construct 
the strain Held. This method has been applied to the measurement of quasi-static 
loads and impact induced residual stresses in simply supported graphite/epoxy 
composite panels. [11] Alternatively, optical intensity modulation caused by 
microbending can be used as the sensing mechanism.[36] Loading in a composite 
specimen causes changes in the microbend characteristics of embedded fibers and 
thus in the transmitted optical intensity. Similar numerical methods would be 
required to map two dimensional strain fields from multiple linear measurements 
obtained using this method. [14,15] 
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or attached optical fiber sensors allow the measurement of distributed strain and < 
vibrational modes for the entire structure and would indicate deviations from the 
norm by comparison with a historical data base. In addition, the fiber optic sensors 
can provide feedback for control of structural vibrations. 

Strain and vibration measurements have been demonstrated in several laboratories 
using different fiber interrogation methods. These include modal domain 
interference,[3,8,35] optical time domain reflectometry,[10] optical polarization 
changes,[4,29] optical interferometry,[5,9,19,30] frequency domain reflectometry [39] 
and an optical phase locked loop. [25] 

Optical time domain methods were first used to determine external loading in 
composites by Claus and co-workers [10] and improved time and frequency domain 
methods have subsequently been used by several investigators. [36,39,44] A method 
has been developed which uses in line optical fiber splices as time domain markers 
for optical time domain reflectometry (OTDR). An optical source generates a train 
of fast risetime optical pulses which propagate in the fiber. Partially reflecting 
splices, inserted at intervals along the length of the fiber, produce a series of 
regularly spaced signals and if the fiber is strained the spacing between the signals 
changes indicating the strain on the fiber between splices. [44] The strain resolution 
of this OTDR based system is limited by the rise times of the optical input pulses and 
the detection electronics. Currently available systems, for example, allow 
discrimination of locations spaced as close as 0.1mm. 

Distributed structural vibration measurements may be achieved using a modal 
domain sensing method. The technique is based on the principle that different 
modes in a waveguide having slightly different propagation times produce 
interference patterns. If a waveguide that supports two or three modes is attached to 
or embedded in a structure, it can sense bends in the structure through the 
interference conditions between the modes. Claus et. al. have demonstrated that 
such methods may be used to evaluate structural vibrations of beams.[7] Specifically 
the mode shape amplitudes of such vibrations may be determined by appropriate 
processing of the time domain modal interference signals. [35] 

Rogowski etal. have investigated the use of a modulated laser diode system to 
measure phase modulation in an optical fiber. The system is an optical phase locked 
loop. [31] A voltage controlled oscillator is used to directly modulate a GaAlAs laser 
and to provide a reference signal to a double balanced mixer. The laser radiation 
passes through a multimode optical fiber, is detected, amplified, and mixed with the 
reference signal to generate an error voltage. The phases of the two signals are 
maintained at quadrature by feedback of the DC error voltage from the mixer to the 
oscillator. A filter removes the radio frequency component coming from the mixer. 
With this configuration, any change in the phase of the modulation is compensated 

by a change in the modulation frequency. A change in phase length, AL, of the 

optical fiber will produce a change in frequency, AF, according to: 
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vary from point to point due to variable geometry. Variations in the starting 
material from batch to batch and differences in handling during prepreg layup result 
in different degrees of cure for identical curing conditions. Enhanced quality 
assurance can be achieved with the use of sensors for in-situ cure monitoring. 
During the lifetime of the structure these in-situ sensors can also serve the purpose 
of monitoring the integrity of the structure. For example an optical fiber implanted 
in the composite for cure monitoring can be the same fiber that is interrogated later 
to measure strain, temperature, acoustic emission, and other parameters that are 
potential indicators of structural health. 

Several methods have been investigated for monitoring the cure state of a 
composite. The most notable of these is the system developed by Druy, which 
measures the FTTR spectrum of the resin during cure with an optical fiber. [16] The 
change in the infrared spectrum indicates the degree of conversion of the resin to 
the cured polymer. The system has been demonstrated for epoxy and polyimide 
materials with fluoride, chalcogenide and sapphire fibers. [17,18] Since the method 
monitors chemical changes during cure it will be useful for production as well as for 
optimizing curing programs for new resins. 

Other techniques involve monitoring physical properties related to the state of cure. 
Afromowitz [1] has shown that an epoxy fiber which has been fully cured can serve 
as an indicator of degree of cure when embedded in a graphite/epoxy composite. 
Since the refractive index of the cured polymer is greater than that of the uncured 
resin, the embedded fiber behaves as an optical waveguide until the composite is 
fully cured. When the fully cured state is reached, the refractive indices are identical 
and the fiber no longer transmits light. 

Fluorescence spectra of curing composites have been measured with in-situ optical 
fibers to indicate cure state. [26] The sensor can later be used as a monitor for 
composite aging and water absorption. [27] 

Acoustic waveguides embedded in curing composites have been used to measure 
propagation properties of ultrasonic signals. Sun and Winfree have shown that the 
acoustic amplitude in a copper wire embedded in a curing epoxy is related to the 
temperature and cure state. [40] Similar acoustic behavior has been observed for 
polyester-fiberglass waveguides embedded in thermosetting materials. [22] 

Dielectric devices have also been investigated for cure monitoring taking advantage 
of the change of dielectric loss as the resin cures. [24,37] 

3.13 Structural monitoring 

The ultimate performance, safety and reliability of future aircraft and spacecraft will 
depend upon the capability of the crew or an automated control system to respond 
to adverse situations that may jeopardize the mission. Smart structural 
components may provide the data required for an appropriate response. Embedded 



A Stale-of-thc-Art Assessment of Active Structures 21 



3 Sensory Materials 



3.1 Fiber Optic Sensors 
3.1*1 Introduction 

The concept of smart structures involves the incorporation of sensors into a 
structural material to serve as a nervous system for health monitoring of the final 
product[42] The sensors are implanted in the material at the time of processing and 
remain intact and available for interrogation during use. 

The most common sensors being investigated for implanting in materials are fiber 
optic. Fiber optic sensors have been developed that can measure many physical and 
chemical properties and in many cases are more sensitive than alternative 
techniques- Considering many of the. unique characteristics optical fibers possess, 
such as low mass, immunity to electromagnetic interference, compatibility with 
advanced fiber reinforced composites and the potential of a single optical fiber 
performing a multiple role (e.g v communication and a multiple sensor function), it 
is not surprising to see the emphasis on these sensors. Hence, the major portion of 
this section will be devoted to a review of research on fiber optic sensors for smart 
structures applications with a brief description of other types of sensors that may 
also be useful. 

If we intend to monitor the health of a structure, we must consider which 
parameters should be measured to assure structural integrity. Carrying the analogy 
of a nervous system for structures a step further, we might say we want to sense 
"pain". That's the signal that warns an organism that something is wrong. 
However, what constitutes "pain" in an inanimate material? In fact we are a long 
way from anything resembling that sort of indicator in a structure. The question has 
rather been posed as, "What can we measure in a structure and would it be useful as 
an indicator of structural integrity?" 

Ultimately, smart materials and structures will contain sensor elements that can 
monitor in-situ chemical and physical properties, including: state of cure, 
temperature, strain and vibration, acoustic emission, impact damage assessment, 
corrosion and aging. Aerospace applications of this emerging technology will be 
discussed and issues related to further advancement and timely deployment of 
smart structures will be considered. 

3.1.2 Cure Monitoring 

The curing cycle, consisting of precision programmed temperature and pressure 
regimes, is a critical step in the processing of fiber reinforced composite materials. 
The mechanical properties of the final product depend on the degree of cure. 
Fabrication of large parts is especially troublesome because the degree of cure may 
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2.5 Electrostriction Materials 

2.5.1 Benefits and Drawbacks 

Electrostrictive materials change dimensionally when an electric field is applied or 
generate voltage when loaded, like piezoelectric ceramics do. However, the induced 
strain of an electrostrictor is proportional to the square of the electric field, which 
creates unidirectional displacement regardless of polarity. Strains comparable to 
PZTs can be obtained with electrostrictive ceramics similar to PMN, and without the 
troubling hysteretic behavior shown by PZTs under high voltage fields. The 
nonlinear relation between strain and electric field in electrostrictive transducers 
can be used to tune the piezoelectric coefficient and the dielectric constant. [13] 

2.5.2 Configurations and Applications 

The most noted application of electrostrictive ceramics is the micron-level 
manipulation of deformable mirror-surface contours to create or correct optical 
effects. This is utilized for focusing space communication system optical mirrors 
and lasers. 

Electrostrictive transducers have been used in a number of applications including 
adaptive optic system, scanning tunneling microscopes, and precision 
micropositioners. [13] 
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particles in fiber like branches in the direction of the applied field. [13] ER fluids are , 
suspensions consisting of hydrophilic (polarizable high-dielectric-constant) particles 
in a hydrophobic (dielectric) liquid. [1] In the absence of an electric field, ER fluids 
exhibit Newtonian flow characteristics; their strain rate is directly proportional to 
applied stress. However, when a sufficient electric field is applied, a yield stress 
phenomenon occurs such that no flow takes place until the stress exceeds a yield 
value which rises with increasing electric field strength. Because electrorheological 
fluids change their characteristics very rapidly when electric fields are applied or 
removed, they possess great potential for providing rapid response interface in 
controlled mechanical devices. [15] 

2.4.2 Configurations and Applications 

Typically, ER fluids have been utilized in mechanical systems such as 
electromechanical clutches, fluid-filled engine mounts, high speed valves and 
active dampers. Typical examples demonstrate the use of an electro-viscous or 
magneto-viscous fluid within a damper mount. The fluid is provided between 
opposing walls of a cavity in the mount member. The mount member is coupled 
between load elements to control the motion condition between them. 

Control of the overall dynamic properties of structures is not easily or efficiently 
accomplished by localized damping, and in many cases cannot be accomplished to 
the extent desired by localized damping. Even for a simple plate-like structure of 
finite size there are an infinite number of frequencies at which resonance can occur, 
For each resonance, there is a different arrangement of nodal lines and points of 
maximum vibration over the surface of the plate. 

Electronic actuator devices are placed at locations within the structure which 
produce amplified, tuned vibrations which responsively cancel the input motion 
vibration. 

Damping of helicopter rotor blade vibrations by embedding ER fluids has been 
evaluated. The proposed system consists of a composite helicopter rotor containing 
pockets of ER fluid with top and bottom electrodes. 

An active engine mount system has been proposed utilizing ER fluids. A system 
senses the dominant vibration frequency band and adjusts the viscosity and thus the 
stiffness of the fluid. Thus, the natural frequency of the system has been modified. 
This same concept can be applied for manned space structures, automobile engines, 
and robots. 
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An electrostrictive ceramic (PMN) has also been found to exhibit shape memory 
effects, but with an electric field being the stimulus. 

There are several major concerns which need be addressed before SMAs can be used 
as actuators. They exhibit large amounts of hysteresis and have a very low 
bandwidth during the cooling half-cycle. The cooling problem has been investigated 
by Watson, [19]. The speed of an actuator is limited by the cooling rate. Water 
cooling is much faster but the power increase necessary is in most cases prohibitive; 
though water cooling provides a 10 times increase in bandwidth, the power is 
increased by approximately 20 times. 

The nickel-titanium family of SMAs exhibits good force output and high resistivity 
along with comparatively low hysteresis in copper-modified alloys. 

23.2 Configurations and Applications 

Shape memory alloy reinforced composites use shape memory alloys as fiber 
reinforcements which can be stiffened or controlled by the addition of heat. Prior to 
embedding the shape memory alloy fibers within the resin, they are plastically 
elongated and constrained from contracting to their memorized length. A possible 
configuration of the SMA reinforced composite material is where the shape 
memory alloy fibers are embedded in the resin at a distance from the neutral axis. 
When the fibers are heated, they try to contract to their normal length and thus 
generate a uniformly distributed shear load along their entire length. This off-axis 
shear load causes the structure to bend. Transient and steady state vibration control 
can be accomplished with these composites as well as active buckling control and 
shape control. [20] 

There are many fields which are currently investigating using shape memory alloys 
for a variety of applications. Shape memory alloys have been used since 1970 as the 
joining device in the hydraulic control lines of the F-14 Grumman Navy fighter. 
Goodyear Aerospace Corporation has been developing Nitinol for spacecraft 
antennae. A wire hemisphere of the material is crumpled into a tight ball less than 
5 cm across. When heated above 77°C, the ball opens into its original shape, a fully 
formed antenna. [13] A system has also been proposed for active vibration damping 
and shape control on adaptive space structures. 

2.4 Electrorheological Fluids 

2.4.1 Benefits and Drawbacks 

Electrorheological (ER) fluids exhibit coupling between their fluid dynamic and 
electrical behavior. When exposed to an electrical field, their viscosity, damping 
capability and shear strength increase. ER fluids are typically suspensions of fine 
particles in a liquid medium; the viscosity of the suspension can be changed 
dramatically by applying an electrical field. The electric field causes alignment of the 
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significantly below what Terfenol-D produces, but has an advantage in that it can be- 
manufactured as a foil for easy embedding in composites: 

Advantages of magnetostrictors over piezoelectric ceramics have been detailed in 
Appendix D. They include reliability, stable material properties, easier 
manufacturing and flexibility. 

2,2.2 Configurations and Applications 

Terfenol-D has been proposed by Grumman as a means of activating a control 
surface to optimize the lift performance of an aircraft wing under varying flight 
conditions. The wing changes shape. Ribs and spars are replaced with active 
members containing rods of Terfenol-D. In order to maximize the displacement 
obtainable, a diamond-shape structure was constructed which can deflect the trailing 
edge by 60°. Terfenol-D has superior strength, higher modulus and wider 
operational bandwidth than shape memory alloys. It can generate enough force to 
overcome the aerodynamic loads and has low magnetic field requirements. 
Magnetostriction materials are currently under evaluation for shape change of 
torpedo control surfaces, gimballing cockpit simulators, and vibration damping of 
optical benches. 

An integrated actuation system for individual control of helicopter main rotor 
blades using Terfenol-D actuators was proposed and evaluated in a small business 
innovative research (SBIR) investigation for the U.S. Army Aviation Laboratory, 
Fort Eustis, Virginia (see Appendix D). The purpose of adding the flaps was to 
provide higher harmonic control of the individual blades to cancel rotor-induced 
vibration, long a major concern for helicopters. The goal of the program is to reduce 
vibration by 90% which would represent a major improvement in helicopter 
technology. 

2.3 Shape Memory Alloys 

2.3.1 Benefits and Drawbacks 

The ability of a material to recover its shape when activated by an external stimulus 
is termed the shape memory effect. Nitinol is the most common shape memory 
metal. Heat is the activating stimulus for this material. This material undergoes a 
change in crystal structure known as a reversible austenite to martensite phase 
transformation at a specific transformation temperature, dependent upon alloy 
composition. Young's modulus increases by almost a factor of 3. Shape memory 
alloys are capable of directly transforming heat into mechanical work. The heat can 
be produced by fluids, gases, or electricity. If the heating and cooling is controlled by 
pulsed direct electric current, repeated cyclic motions with high degrees of accuracy 
can be achieved. 
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using full state feedback. Reference [12] detailed the application of plates in a 
bimorph bender configuration to actively suppress flutter. 

See Appendix C for an analysis of the expansion and contraction of the surface of an 
aircraft wing. A potential application of piezoelectric ceramics might be to attach 
ceramic wafers to the surfaces of a wing to cause the wing surface to expand or 
contract which will effect the control of the aircraft Several experiments have used 
PZT wafers as actuation devices to statically reshape plate structures to increase 
aerodynamic forces such as lift. High-strain shape memory alloy (SMA) materials 
are being considered to effect larger static shape changes. 

There has been much work done on vibration suppression and modal control with 
in truss structures using piezoelectric stacks, an example of which is given in 
reference [17]. 

Production applications of piezoelectric ceramics are found in the automobile 
industry. An example of their use is in controlling compliance in Toyota's 
electronic modulated suspension system. The system is a road stability and shock 
adjuster which detects bumps, dips, rough pavement and sudden lurches by the 
vehicle and then rapidly adjusts the shock absorbers to apply a softer or firmer 
damping force. The shock absorbers are continuously readjusted as the road 
conditions change so that rocking or wobbling is eliminated. [13] 

2.1.5 Issues 

Notable undesirable material characteristics are nonlinear response at high voltage 
levels, hysteresis and aging. These are more noticeable problems in piezoceramics. 
The properties of piezoelectric materials are nonlinear. A linearity assumption is 
valid for low applied voltages and small deformations. Nonlinearities of these 
materials have been well-documented by references [3,12,14]. Several nonlinear 
properties which have been found to have significance are the amplitude 
dependence of the field-strain relationship, creep, variations with mechanical strain, 
and depoling. These issues will not be addressed in detail here. 

Yet another concern is that very high voltages may be required to deform thick 
actuating plates. This problem can be avoided by utilizing a multilayer 
configuration instead of increasingly thick single layer plates. 

2.2 Magnetostriction Materials 

2.2.1 Benefits and Drawbacks 

Ferromagnetic materials allow for the creation of an elastic strain when subjected to 
an external magnetic field. This effect is called magnetostriction. Terfenol-D is the 
most commonly-known magnetostrictive material. It is capable of inducing strains 
up to .2%. Metglas is another magnetostrictive material. The maximum strain is 
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As previously mentioned, piezoelectric polymers are rarely utilized as aictuating 
mechanisms. Reference [2] employed poly vinylidene fluoride (PVDF), a polymer, in 
both a sensing and actuating role for vibration control of flexible beam elements. 

Ceramics are more commonly used as actuators. Reference [16] provides a glimpse 
at the current activities of the strategic defense initiative office (SDIO) in this area, 
focusing on vibration control. In the area of rotorcraft, two distinctly different 
actuator configurations have been examined for higher harmonic control [3,4]. The 
first used directionally attached plates to torsionally activate blade sections and 
actuate a trailing edge flap. The magnitude of flapping vibrations was significantly 
reduced using active controls, the second utilized a push-pull configuration of 
bender elements. 

Another actuating application, also detailed in Reference [4], is the active damping 
of truss members for large space structure applications. This study used 
commercially available actuators which utilize the d 33 effect (the expansion 
direction coincides with the direction of polarization) to limit the vibration 
amplitude and settling time of transients induced by dynamic perturbations to the 
structure such as crew motion. 

In the acoustics field, recent work [5] has focused on reducing cabin noise by applying 
active forces produced by bonded PZt actuators to the fuselage walls or frame. 
Finite impulse response (FIR) filters were utilized in a least means square 
minimization algorithm to control both an acoustic resonance and a structural 
resonance at two different frequencies. Reference [6] described the use of 
piezoelectric plates as independent actuators (bimorph configuration) on an 
aluminum beam in conjunction with an adaptive controller to attenuate flexural 
and extensional vibrations with frequencies tip to 1100 Hz. 

Reference [7] details experiments and analyses of a composite beam with distributed 
embedded actuators controlling structural modes from 11 to 150 Hz. Through 
feedback of velocity, structural damping increases of an order of magnitude were 
obtained. Results available from aeroelastic applications of piezoceramics are very 
limited. Static aeroelasticity has been the subject of investigations by Ehlers and 
Weisshaar [1,8,9]. TKey conducted analytical studies on laminated composite wings 
with embedded actuators, looking at pure torsional, and bending deformations. 
They reported that through feedback to embedded adaptive material layers, the 
divergence speed is altered, implying also that lift effectiveness is influenced. The 
augmentation or replacement of conventional aerodynamic control surfaces with 
strain actuation for aeroelastic control has been the focus of an analytical 
investigation of a typical section by Lazarus, Crawley and Lin [10]. They found that 
strain actuation via piezoelectric elements may provide a viable and effective 
alternative to articulated control surfaces for controlling aeroelastic response. 
Investigation of flutter suppression for lifting surfaces and panels has been done by 
Scott [11]. This analytical study considered controlling flutter at supersonic speeds 
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2.1.2.2 Out-of-Plane or Monomorph Element 

The intended application may suggest creative configurations for these materials. 
Designs for out-of-plane displacement actuators have been evaluated.. Utilizing the 
piezoelectrics in monolithic modes, a high stiffness is achieved, however, the 
displacement achieved is very small. Composite structures have also been 
evaluated, which produced significantly more displacement, but were less stiff than 
the monolithic configurations. One of these utilized only the out-of-plane 
displacement of the piezoelectric. The second utilized both the out-of-plane and the 
in-plane displacements of the piezoelectric disc. This is the moonie configuration 
which is discussed in Reference [13]. Bender configurations have also been 
examined. In one instance, the bender elements were constrained at the periphery 
of the disc and allowed to operate as an oil can does to achieve the out-of-plane 
displacements. The stiffness of the configuration was lessened, but more significant 
displacement results were obtained. Bimorph benders have been found to be 10 
times more effective than monomorph benders. 

2.1.2.3 Discretely Attached Elements 

In structural control, induced strain actuators are utilized generally by bonding them 
or embedding them in a structure. With these configurations used for inducing 
flexure, the developed in-plane force contributes indirectly through a locally- 
generated moment; control authority is thus limited by actuator offset distance. 
These actuators deform along with the structure. By attaching strain actuators to the 
structure only at discrete points, as opposed to being bonded or embedded, they are 
free to deform independently from the structure. The in-plane force of the actuator 
results in an additional moment on the structure and enhanced control [18]. 

2.13 Piezoelectric Composites 

By incorporating piezoelectric rods into a composite material, directional actuation 
can be achieved with reduced weight. Assuming that the matrix is dielectric, and 
aligning the 1-direction of the PZT with the fiber direction and the 3-direction 
perpendicular to the direction of the ply (see Appendix B), and a 65% fiber volume 
fraction: the elastic properties are similar to a glass/matrix unidirectional fibrous 
composite. The density is reduced from the monolithic PZT but still twice that of 
aluminum. The anisotropy of the electromagnetic coupling provides for shear 
strain actuation through proper ply orientation [1]. Application of this 
configuration could include actuation of an adaptive wing (i.e. shape control). 

2.1.4 Applications 

In an actuating application, the converse piezoelectric effect is utilized as the 
actuators deform in response to a control signal or applied voltage. 
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2 Actuation Materials 



2.1 Piezoelectric Materials 

2.1.1 Benefits and Drawbacks 

Piezoelectricity is the ability of a material to develop an electrical charge when 
subjected to a mechanical strain. The converse piezoelectric effect, the development 
of mechanical strain when subjected to an electrical field, can be utilized to actuate a 
structure. A local strain is produced in the structure which induces forces and 
moments. Thus, actuation of a structure may be accomplished at the material level. 
Lead-zirconate-titanate (PZT) is a piezoelectric ceramic in which the electric sub- 
domains have been aligned using a very large electric field. Strain is linearly 
proportional to the electric field in a fully poled piezoelectric material which means 
that the piezoelectric coefficient is a constant and cannot be electrically tuned with a 
bias field (see Appendix B for further discussion of piezoelectric materials). 

Choosing the proper piezoelectric material to use for a given application is based on 
stiffness properties, flexibility, electromechanical coupling coefficients and limits on 
applied voltage. A piezoelectric material's ability to actuate a structure is a function 
of its stiffness, the limit on the voltage which can be applied, and the electro- 
mechanical coupling coefficients. Polymers have high voltage limits, yet they have 
low stiffness and low electromechanical coupling coefficients. Ceramics on the 
other hand are much stiffer and have large coupling coefficients and are thus better- 
suited for actuator applications. 

Low density and stiffness have, in most cases, prevented the serious consideration 
of piezoelectric polymers for use as actuators. Ceramics have sufficiently high 
electromechanical coupling and stiffness that they lend themselves better to 
actuation applications. 

2.1.2 Configurations 

2.1.2.1 Bimorph Bender Element 

Piezoelectric plates can be configured in different ways to accentuate the 
displacements or forces being generated. The in-plane expansion and contraction of 
adaptive materials may be utilized by bonding actuating plates to either side of a 
center shim. One is expanded and one is contracted; the net result is a bending 
displacement much greater than the length deformation of either of the two layers. 
This configuration, which takes advantage of the d 31 effect (see Appendix B), is 

referred to as a bimorph or a bender element. 

\ 
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In chapter 4, control approaches for smart structures are discussed and in chapter 5, 
recommendations for future research are given. 
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1 Introduction 



This report is a state-of-the-art assessment of active structures authored by the 
members of the active structures technical committee. The emphasis in this 
assessment was towards the applications in aeronautics and space. It is felt that since 
this technology area is growing at such a rapid pace in many different disciplines, it 
is not feasible to cover all of the current research but only the relevant work as 
relates to aeronautics and space. 

Before discussing further the subject of active structures, this committee has adopted 
the terminology as depicted in Appendix A. Domain A contains all structures that 
have a sensory system. So that in addition to the usual load carrying capability of a 
structure, the structure also contains some type of sensory system that could be 
either integrated into the structural material or added on to the structure as a 
separate sensor. 

Next, we define a B domain of structures that contain an actuation function in 
addition to the load carrying capability. These structure types are called adaptive 
because they are changeable in a predictable way. Again the actuation function may 
be contained within the material of the structure or it may be some attached 
actuator. 

The intersection of the A and B domains contains three types of structures. Domain 
C is the type of structures that have attached sensors, actuators and processors. 
Examples of a class C system would be a structure with attached accelerometers, 
attached thrusters or proof mass actuators and an attached processor. As you go 
from class C to D to E, the degree of integration of the sensor and actuator with the 
structural material increases. An example of a type D structure would be a truss 
mechanism with variable length struts. These variable length struts could be 
hydraulically actuated or ball screw actuated telescoping cylinders. An example of a 
type E structure might be a structural composite material with embedded 
piezoelectric ceramic powder. An application of these embedded materials could be 
for flutter suppression in an aircraft wing or for vibration suppression in a truss 
strut. 

At this time it does not appear that the technology exists to embed processors into 
structural materials. The silicon median that constitutes the processor is brittle and 
not compatible with the flexibility and toughness of current structural composites. 

This report covers research in smart actuation materials, smart sensors, control of 
smart/intelligent structures. In smart actuation materials, piezoelectric, 
magnetostrictive, shape memory, electrorheological, and electrostrictive materials 
are covered. For sensory materials, fiber optics, dielectric loss, and piezoelectric 
sensors are examined. Applications of embedded sensors and smart sensors are 
discussed. 
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Executive Summary 



Many types of smart materials and applications for potential use in aircraft and 
spacecraft have been examined. It is the opinion of this committee that aircraft and 
spacecraft performance can be improved by incorporating the use of these materials 
into their design. Before these materials are more widely accepted by designers of 
commercial and flight vehicles, more research in the testing and evaluation of these 
materials is needed. 

The essence of this report is captured in the following list of recommendations 
which cover; actuation materials, smart sensors, information management, 
applications and research environment. 

Actuation Materials 

• Langley should focus on the integration of smart materials (piezoceramics, 
magnetostrictors, and shape memory alloys) into concepts with composites which 
ultimately will improve vehicle performance and reliability while decreasing 
fabrication costs. 

• Capability, limiting performance, and design approaches of smart materials 
should be better understood. 

Smart/Intelligent Sensors 

• Micro-sensors with built-in processors for aircraft and spacecraft applications 
should be further developed. 

Information Management 

• A concept for a network that supports multiple smart subsystems and includes 
processing (either centrally or distributed) for improved vehicle performance and 
reliability needs attention. 

Applications 

• More areas of potential use of smart materials for improving aircraft and 
spacecraft performance needs encouragement. These are ideas that are hidden 
within the minds of researchers at Langley and it is hoped that the proper 
stimulants will bring forth these innovations. 

Research Environment 

• Build upon Langley's capability in materials and structural dynamics modeling 
and promote cross-directorate communications of research activities. 
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RF telemetry system- In addition to these smart features, an inclusion of sleep/ wake 
mode for the smart structure would be desirable for saving on-board power source. 

As many sensors and actuators are distributed over a structure, a bilateral 
communication bus for the sensors and actuators and processors becomes an 
important part of the smart structure- An architecture and interface for a process 
controller has been investigated [7] for a number of fundamental issues in system 
partitioning, controller architecture, sensor function, and sensor 
testing/compensation. The sensor bus interface is addressable, programmable, self- 
testing, compatible with a bi-directional digital sensor bus, and offers 12-bit accuracy. 

Integration of current technologies in VLSI, micromachining, and system 
architecture for a distributed sensor/actuator structure will result in a 
miniature/microscale smart sensor/actuator system that is most suitable for 
embedment of smart sensors and actuators into a smart structure. Many of these 
technologies are already available but they need to be integrated to realize a smart 
structure. Major areas of these technology areas are listed below. 

1) Micromachining 

2) Specialized mixed signal silicon device integrated circuit fabrication (application 
specific integrated circuit)(ASIC) 

3) Architecture and interface system design and implementation 

4) Embedment technology 

The second technology area, ASIC, is the most costly area though the ASIC 
technology is readily available, a technology that integrate micromachining and 
VLSI circuits is a specialized area which is beginning to appear within 
semiconductor industry, due to an increased demand of accelerometers, pressure 
sensors, and flow meters from the automobile industry. As an alternative and less 
expensive approach, use of multiple chip module (MCM) hybrid circuits in place of 
ASIC devices will be the most reasonable alternative avenue to pursue before a total 
monolithic ASIC system is sought. 

The above discussions center on the implementation of the sensor hardware. 
However, sensor information may be augmented by incorporating data processing, 
information extraction and decision making capability as part of the sensor design. 
These elements may dictate the design of the sensor element In many ways then 
the structure may become the sensor element as the response of the structure is 
defined and compared to previous measurements or predictions. For applications 
such as condition monitoring, it is desirable to monitor large none instrumented 
1 sections of a structure quickly and on a regular basis. By using discrete sensor 
elements and mapping the response in time and space, the transfer of vibrational 
energy through a structure may be defined. 

Several new techniques have evolved in recent years that combine signal analysis 
with discrete sensor information to yield information about none instrumented 
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sections of a structure by correlating excitation and response measurements at 
discrete points. These measurements are functions of the loading distribution and 
the structural characteristics for those parts of the structure that carry energy 
between the measurement points. This approach in effect makes the structure the 
sensor by modeling and/or monitoring the multidimensional path of the structural 
response and comparing such to a previously defined response. 

3.5.1 Time-Frequency Analysis 

The work of Bolton and Wahl [8,9] makes use of a time-frequency analysis of 
structural impulse responses to reveal the wave types and paths carrying significant 
energy through a structure. Since each wave-type (i.e. flexural, torsional, 
extensional...) is characterized by its own dispersion relation, each wave-type may be 
associated with particular features appearing in the time-frequency domain 
representation of the impulse response. In this work the Wigner Distribution is 
used as a means for obtaining the time-frequency representations. Other methods 
use sonograms[10] and the Choi-Williams distribution!!!]. 

By using a fixed excitation distribution, pattern recognition technology will allow 
feature extraction from this type of data that may be related to the structural 
parameters. In this way, changes in the characteristics of the structure between 
measurements made at different times may be determined. Using a distribution of 
sensors and/or actuators, changes in parameters may be isolated to decreasingly 
smaller sections of the structure for problem identification. 

3.5.2 Prediction of Dynamic Loads using Neural Networks 

Condition monitoring often is implemented by a recording of loading as a function 
of time. This however requires the use of an extensive array of sensors to provide 
the required information. A method of indirectly monitoring component loads 
through common flight variables is demonstrated which requires only an a priori 
model of the response/excitation relationship. This method will allow for both 
linear and non-linear responses. 

An artificial neural network model learns these response/excitation relationships 
through exposure to a database of measured records on a test vehicle for a range of 
load histories. The ANN model, utilizing standard recorded flight variables as 
inputs, is trained to predict time-varying and oscillatory loads on critical 
components. Interpolative and extrapolative capabilities have been 
demonstrated[12] with agreement between predicted and measured loads on the 
order of 90% to 95%. 
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4 Control of Smart/Intelligent Structures 

4.1 Introduction 

This chapter provides an overview of current techniques and concepts to 
implement control concepts on real systems. Many technologies and approaches are 
currently under study and it is not feasible to mention all of the current activities for 
control system implementation on smart/intelligent structures. It is intended to 
examine the current trends of this field and to highlight those expected to be 
important to future progress. 

Generally, the intent of adding control to structural elements is to extend the 
functional capability of the primary structure in some way. This may include a 
change in structural strength, dynamic properties, or geometry which may provide 
noise, vibration or flutter control, dynamic margin, maneuverability enhancement 
or gust alleviation. These are by no means inclusive of the control purposes. Other 
mission criteria include condition monitoring and damage tolerance (survivability) 
and redundant system design. Not only is it possible to determine the extent of a 
failure or predict it, but structural elements may be included such that loads may be 
routed around a damaged subsection. An intelligent structure of this nature would 
require a new type of collocated sensor and actuator system including a processor for 
local control of the structure and mutual communication to the central processor 
which is the global controller. 

Using present technology, these systems generally include discrete sensors, actuators 
and controllers. These are currently implemented as add-on transducers and 
external control systems. This approach requires an extensive maze of 
interconnecting wires to provide the necessary communication between these 
elements, provides little weight or structural utilization of the control elements and 
limits integration of the system. Ideally, it is desirable to integrate the transducer 
elements into the structure such that they contribute to the overall static and 
dynamic load capability or damping properties. Sensors and actuators may be the 
integral parts of load bearing members of the structure. Consequently, design of a 
given structure requires to be coordinated with that of sensors, structures, and local 
processors as well as communication media. An approach of discrete component 
design/ construction may be no longer applicable in many cases. An integrated 
design/construction approach will be a logical one to pursue 

There are many approaches to control law design for structural systems. These 
include the state-space approach, classical control design methods and neural 
networks. Although some of these methods do not require an explicit model of the 
system to be controlled, they cannot be applied as a black box with control inputs and 
outputs. All of the approaches are governed by the same laws of observability and 
controllability. These require that the motions to be controlled be observed by the 
sensor system without violating temporal or spatial sampling criteria. It also 
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requires that the control system can couple effectively into these motions or modes 
in order to exercise control. For instance, a time domain processor can effectively 
provide a rate variable from the time history of the displacement However, this 
approach cannot provide additional modal information or improved spatial 
resolution from a limited number of transducers. 

It is not likely that any one method of control is the best suited control approach for 
any given situation as the strengths differ for each control strategy. However, one 
may envision an integrated approach blending best technologies into a distributed 
hierarchical control over concurrent processors with anthropomorphic intelligence. 

The state space approach relies heavily upon an accurate modeling of the structural 
system and control elements to derive an analytical model. The performance and 
stability depends intricately upon the accuracy of this model and errors introduced 
due to measurements, environment, or an inadequate number of states being 
considered can have catastrophic results. However this approach integrates a more 
complete understanding of the control problem than all of the other approaches. 
Every aspect of the physical structure and the control system is modeled. The effect 
of all parameters of the system can be investigated as well as the excitation. The 
stability margins can be defined as well as any limits of the excitation bounds. This 
modeling criteria however is a major shortcoming of this approach however. It is 
generally very difficult to derive an accurate model for a complicated physical 
system. These systems work primarily at lower frequencies because the order of the 
numerical models generally used is tractable. For higher order modes, it is generally 
difficult to specify their resonant frequencies to the required degree of accuracy. - 

Systems that use a simple feedback of velocity or displacement can be made quite 
effective, even for multiple input/output (MIMO) systems. A feedback gain is 
defined between a sensing element and an actuator element that provides the 
required control. However, it is generally required that these systems have a 
negligible time delay of the system response in the frequency range for which 
control is to exercised. Often, for low frequencies, this is not an unreasonable 
restriction. However, for most cases that have been implemented, the sensor and 
actuator are collocated on the structure. For more complicated structures, higher 
frequencies, wider bandwidth or where it is not convenient to collocate the 
transducers, this approach is not viable. 

Controllers based upon measured open loop transfer functions have been 
implemented. A measurement of the response to be controlled is measured by a 
sensing element. The transfer function measured between this sensing element and 
a controller excitation is known a' priori and is used to calculate the controller input 
required to exercise control over the response. Variations allow this approach to 
define the transfer function on-line using coherence methods. These systems can be 
quite useful for harmonic disturbances as an estimate of the disturbance can often be 
derived or sensed and the system loop closed. However, these systems are quite 
sensitive to changes in their environment and excitation spectra. In addition, these 
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systems are often found to be unstable. One approach to this problem is to add some 
adaptability to the model and provide an on-line estimate of the system parameters 
using various system identification approaches. 

Adaptive closed loop controllers have emerged in recent years that are based upon a 
real time least means squares (LMS) minimization algorithms. These systems are 
generally based upon linear digital filter models, in which the filter parameters 
(coefficients) are treated as the free variables of a minimization procedure. The 
object of the procedure is to minimize some error function related to the difference 
between the measured system response and the desired system response. This 
approach is extended and generalized to higher order and non-linear systems with 
the emergence of neural network based controllers. These systems however do not 
explicitly integrate any system model into the controller. The limits on the 
implementation due to traditional controllability and detectability issues must be 
derived separately and integrated from an intuitive viewpoint. Finally, general 
stability criteria are typically not addressed in this approach. 

Artificial neural networks expand and generalize upon the above concept. Neural 
networks were part of the attempts towards artificial intelligence initially developed 
in the 1950's and 1960's. These early studies diverged through the 1960's into 
engineering approaches that implemented statistical pattern classification, control 
theory and adaptive filters; and symbolic manipulation representations of artificial 
intelligence and cognitive science. The engineering approaches will be stressed in 
this survey. This approach has provided algorithms for a broad range of practical 
problems. Neural networks are used to classify information (temporal and/or 
spatial) into ranges of classes for decision making (i.e. pattern recognition). Using 
the general ability of mapping from one large set of variables such as sensor systems 
to another such as control actions, they have demonstrated the capability to capture 
critical behavior for very complex functions. This capability extends to multi- 
variable non-linear processes and may include both feedforward and/or feedback 
systems. A wide range of approaches is evolving in this technology area and the 
areas of highest potential are not well delineated. 

Finally, modeling of system components is critical to the performance of the control 
system and essential for the system simulation. Any experimental work on control 
of a complex smart/intelligent system is expected to be very costly and time 
consuming, an extensive system simulation before any attempt of experimental 
evaluation is preferred. Modeling of sensors and actuators are as important as those 
of basic system structure. Modeling areas includes: X) finite element model and 
system identification 2) model identification using hardware 3) state space model for 
sensors and actuators 4) modeling of environmental and aging effects of 
components 5) modeling of nonlinear properties of sensors and actuators 6) modal 
analysis. 
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4.2 Modern Control Approaches 



This section overviews control algorithm approaches that are model based. This 
means an analytical model is developed that integrates the plant dynamics into a 
controller that performs the desired control function. In a state space formulation, a 
numerical procedure is typically used to integrate through the governing equations 
to predict the desired controller output from known system states. For rate feedback 
methods, the model is used to derive controller gains (frequency response 
functions) that operate on input rate information. These gains are typically fixed but 
adaptive systems are now quite common that monitor the system characteristics and 
change the parameters in the model as needed. These techniques encompass many 
methods and variations and this section is not meant to be all inclusive but merely 
an indication of available technologies. 

4.2.1 Model Based Feedback Control Approaches 
(State Space) 

Jacques, et al. [1] presented control design of an experimental testbed with 
assumptions of collocated disturbance source and actuator and that of performance 
metric and sensor. Control design method includes measurement of transfer 
function from actuator to sensor, use of nonlinear curve fitting technique to obtain 
state space model of the system, reduction of model order, design of linear quadratic 
Gaussian (LQG) controller, and removal of dynamics from controller that do not 
contribute to stability and affect the performance slightly. 

Allen, Lauffer, and Marek [2] present design implementation of structural control of 
a flexible truss structure with a multiple input-output control processor and 
piezoelectric sensors and actuators. Structural control performed with reduced LQG 
design technique required model accuracy which is much greater than the accuracy 
required for response analysis or structural design purposes. A NASTRAN finite 
element model was used as the basis for the control design model. The optimal 
projection controller showed good correlation between the analytical and 
experimental performances. System identification techniques proved to be 
invaluable for the finite element model improvement. Hardware implementation 
of structural control design and techniques is highly recommended as the analytical 
study results are highly prone to the modeling and analysis assumptions. 

Murotsu, Senda, and Hisaji [3] present optimal configuration control of the adaptive 
truss structures. The optimal configuration has been formulated with minimizing 
performance index corresponding to the demanded task. However, it was stated 
that the computational burden is too excessive to be an effective real-time tool. Two 
alternative approaches were presented with the relaxed conditions of optimality, 
that is local optimal configuration and the specified asymptotic convergence of the 
work vector. 
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4.2.2 Active Vibration Control 



Hyland, Collins, Phillips, and King [4] present the highlights of control design 
process and performance obtained from the ACES and Mini-MAST structures of 
NASA using both centralized and decentralized controllers. The paper also 
discusses about the design procedure and describes the substantial performance 
improvement achieved with a decentralized control for active vibration 
suppression of flexible structures. Hong, Varadan, and Varadan [5] performed a 
series of active vibration control of a thin plate. Coupled multi-mode optimal 
control procedures for the plate have been developed using Rayleigh-Ritz method 
to obtain the approximated mode shape constant. A proportional type damping has 
been implemented to obtain a closed-form solution of the differential eigenvalue 
problem for the damping system. Experimental verification of uni-disc type 
collocated sensors and actuators was made, and theoretical and experimental work 
on transducer sizes and positions has been presented. 

Hanagud, Babu, Stalford, and Won [6] present an adaptive structure that can adopt 
to failures such as debonding of the sensor during its life and take into account 
unmodeled dynamics. The controller is designed with several assumptions such as 
reduced degrees of freedom, uncertainty bounds, extent of debonding, Euler- 
Bernoulli beam theory and flawless beam. 

4.2.3 Stochastics 

Jacques and Miller [7] present use of low order models to identify and study four 
mechanisms through which a structural change might influence the controlled 
performance. Interaction of the structures and the control has been discussed by 
formulating a cost function in terms of structural parameters and control gains. H- 
2 and H-infinity performance metrics are considered for a preliminary design of the 
control structures. Huang and Knowles [8] uses H-infinity optimization technique 
as the control design methodology for the control of a large space structure. It is also 
pointed out that a test of a large scale structure in 1-g conditions is difficult to be 
carried out for verification of the control design. 

Athans, Agguiero, Bielecki, Boker, Douglas, Gilpin, and Lublin, [9] discuss novel 
robust LQR control strategy under assumption of full state feedback and uncertain 
energy interpretation. Extension to robust H-2/H-infinity approach with output 
feedback and dynamic compensation is considered with its application to MACE. 
Motivation of this effort is to design of robust multi-variable controllers, obtain a 
state-space model of system for design, and derive a minimal multi-variable model. 

4.2.4 Adaptive Control 

Trent and Pak [10] present their work on the development of the methodology to 
design and test controllers that will provide stable environments for payloads 
mounted on space platforms. Difficulties of obtaining accurate models of structural 
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dynamics of large space structures are pointed out along with structural 
characteristics that may change during the spacecraft lifetime due to hardware 
failures and operational or environmentally induced changes. Adaptive control 
techniques with on-line system identification approach is presented with various 
concerns about controls-structures interaction (CSI) issues. 

Sekine, Shibayama, Iwasawa, and Tagawa [11] describes the adaptive control system 
of flexible truss structures with a piezoelectric actuator as an active member. The 
active member actuator prove to be effective in controlling flexible truss structures 
statically and dynamically. 

Melcher and Wimmel [12] describe modern controllers which are based on digital 
real-time filters, adaptation algorithms and high speed signal processor systems. It is 
intended to show the stringent controller requirements can be met with the use of 
modern adaptive signal processing containing sophisticated adaptive algorithm 
routines of an up-to-date software environment and high speed computational 
hardware system. 

4.2.5 Integrated Controls-Structures Design 

Maghami, Joshi, Price, Lim, Walz, Armstrong, and Gupta [13,14,15,16] proposed an 
approach of integrated design methodology of the structural and control system. 
This approach has been applied to the integrated design of a class of flexible 
spacecraft, a geostationary platform and a ground-based flexible structure. An 
optimization-based approach has been developed with a set of design variables 
consist of both control and structural design variables. The approach of static and 
dynamic dissipative control laws are used to provide robust stability in the presence 
of both parametric and nonparametric uncertainties. The substantially superior 
numerical results have been obtained with the integrated design approach 
compared to that of the conventional approach. It was noted that standard high 
performance model-based controllers such as H-2 or H-infinity are generally not 
robust to deal with parametric uncertainties of unmodeled dynamics and certain 
types of actuator and sensor nonlinearities. Iwatsubo, Kawamura, Adachi, and Ikeda 
[17] made an approach to the simultaneous optimum design of the structural and 
control system of a flexible structure. This paper describes that the gradients of the 
characteristic values and shape of the structure are taken as structural design 
variables, while the number of the structural design variables is constant, and the 
numerical example of this simultaneous optimum design is presented. 

4.3 Adaptive Feedforward Control Systems 

Control systems implementations based upon the pioneering work of Widrow 
[18,19] emerged from a digital signal processing approach. This work had its origins 
in the need to provide noise and echo rejection in long distance phone lines [20]. 
Because of its origins in digital signal processing, this work grew up as a separate 
entity from traditional or modern controls approaches which accounts for its 
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conflicting definitions and conventions. The term adaptive here refers to ability of 
the controller to change its parameters in order to minimize a specified function* 
This it does without regard to any previous specified system model It simply 
modifies the coefficients of an a* priori specified digital filter to attain this goal. This 
is in contrast to a modern controls approach to adaptive control discussed earlier. 

The original physical system was all electronic and the disturbance to be rejected was 
broad band noise correlated with the desired signal but delayed in time. For all of 
these implementations, it is assumed that a signal (input) that is correlated with the 
disturbance is available for feeding forward in the controller. The frequency range 
over which control was to be exercised was the primary voice bandwidth, from 
about 500 Hz to 5000 Hz. Because of the high frequency range to be controlled, it was 
found that transients imposed by changes in the controller state decayed quickly. 
Therefore, the adaptive process of the controller is considered to be going from one 
steady state to another steady state. In formulating the LMS adaptive process, it is 
also assumed that an instantaneous estimate of error function may be substituted 
for the true value of the error function. Using this assumption, the algorithm was 
implemented such that at every sample update, the controller updates all of its 
parameters. Because this occurs at 10,000 times a second, the algorithm is found to 
converge in the mean. Thus, it often does not matter that the error estimate may 
have a great deal of uncertainty. 

In the early to mid 1980's, this work was picked up by Burgess working in acoustical 
noise control [21] as a means to implement what is now commonly referred to as 
active noise control. From the early work of Lueg [22] and 01sen[23] using analog 
controllers, the use of destructive interference for noise control achieved limited 
success. Work in the 1970's and early 1980 r s utilized analog controllers and sensing 
arrays to implement control systems typically with analog controllers and early 
digital controllers. This work is reviewed by extensively by Ffowcs-Williams [24] 
and Warnaka [25]. The emergence of special purpose digital signal processing CPU's 
by Texas Instruments, AT&T and Motorola in the 1980's allowed this technology to 
progress rapidly as digital filters and adaptive algorithms could be implemented in 
real time on widely available, cheap systems. 

The control algorithms that have been developed based upon Widrow's work [18] 
operate in the time domain. The optimization process updates the digital filter 
coefficients based upon an algorithm that samples the error function and reference 
signal continuously. This work has been extended to multiple input/output 
systems by Elliott et al [26]. This algorithm operates in the time domain such that 
the coefficients of an array of finite impulse response (FIR) filters, whose outputs are 
linearly coupled to another array of error detection points, are adapted so that the 
sum of all the mean square error signals is minimized. A special case of this 
adaptive controller is for control of a periodic, synchronously sampled response. 
The implementation of the above LMS algorithm for this case can be made very 
efficient as described in Reference [27]. Furthermore, its behavior can be represented 
exactly as that of a linear time-invariant comb filter. 
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The above work all applied finite impulse response filters as the central algorithm 
of the controller. Using this approach, it was much easier to insure stability of the 
control system. However, for controllers with a strong frequency dependence, i.e. 
resonant systems, this would typically require many filter coefficients (degrees of 
freedom) to provide the required control. Another approach to this problem was to 
use infinite impulse response (IIR) filters as the controller element. This allows a 
more complicated frequency response function to be approximated with 
significantly fewer coefficients (degrees of freedom). However, stability much more 
difficult to insure. These issues were discussed extensively by Johnson [28]. Current 
work by Eriksson [29] utilizes an IIR based control algorithm in a variation of 
Widrow's approach. This system is available commercially and has been working 
in industrial noise control applications for several years. 

The first applications of this technology was control of low frequency plane wave 
noise propagation in ducts [30,31] to more recent work demonstrating control of 
random multi-modal modes in ducts [32]. The approach of the Roure [31] and Silcox 
[32] utilized an adaptive algorithm based in the frequency domain, although the 
controller was implemented in the time domain as a digital FIR filter. 

More recent work by Bullmore, et. al. [33] and Silcox, et. al. [34] has investigated the 
control of interior noise in aircraft cabins. Typical noise problems in propeller and 
turbofan powered aircraft are harmonic in content and quite amenable to adaptive 
feedforward control. A tachometer signal from the turbomachinery provides the 
necessary reference signal and the limited harmonic content allows relatively 
simple controllers to be used. Two flight tests by Elliott, et. al. [35] and Ross, et. al. 
[36] on a British Aerospace 748 demonstrated significant noise reduction using 
distributions of acoustic sources. These flight tests utilized adaptive feedforward 
control and an open loop transfer function approach respectively. However, they 
required up to 32 control sources and 64 error sensors to provide this control- 
Similar result were obtained by Boeing Aircraft on a deHavilland Dash 8 aircraft in 
unpublished results. 

Recent work has demonstrated a more efficient approach for controlling low to mid 
frequency structural sound radiation, termed active structural acoustic control 
(ASAC). In contrast to using acoustic control transducers, ASAC applies control 
forces directly to the structure such that some estimate of the radiated pressure field 
is minimized. The primary advantage of this approach is that effective control can 
be implemented with fewer control actuators. Other advantages are related to the 
physical implementation of the control in that the transducers can be arranged to be 
reasonably compact, or integrated as part of the structure. 

Early work in ASAC was carried out at NASA Langley and VPI&SU [37] in 1985 
where it was demonstrated that sound transmission into cylinders could be 
controlled by point forces applied to the cylinder wall. Again, the application was to 
develop advanced techniques for controlling interior noise in aircraft. It was shown 
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that only certain structural modes couple or radiate to the interior space and it thus - 
was necessary to control only these modes. This effect was termed modal 
suppression. As the structural motion that gives rise to the pressure response is 
being controlled, the interior sound field is reduced globally independent of its 
modal shape. This work was extended at Douglas Aircraft on a full scale DC-9 
fuselage. Global control of structure-borne interior noise transmitted through the 
engine pylons using only two point force control actuators was demonstrated [38]. 
Weight, mounting considerations and control spillover effects has led to recent 
cooperative work at NASA and VPI&SU to study the use of piezoceramic actuators 
bonded to structural elements [39]. On a full scale composite fuselage model, a 4 
actuator, 6 sensor system has achieved interior global attenuation of 8 to 15 dB over 
a range of test conditions for exterior airborne excitations [40]. Optimization of the 
transducer size and distribution is expected to significantly improve performance 
[41,42]. 

Another important application of ASAC is in controlling marine hull radiated 
sound and is being investigated under research funded by ONR/DARPA. Early 
work in this area studied control of free field radiation from lightly loaded panels 
[43]. It was demonstrated that sound radiated into a free-field could also be globally 
attenuated with a limited number of control actuators [44]. However, another 
mechanism of control was observed. For the off-resonant cases examined, a 
reduction in sound radiation occurred with little (or an increase) change in the 
averaged structural response. It was concluded that the residual or closed loop 
structural response has a lower radiation efficiency for the same level of response 
[43]. This effect was termed modal restructuring. More recently it was demonstrated 
that modal suppression corresponds to a decrease in all structural wave-number 
components while modal restructuring corresponds to a reduction only in the 
supersonic (radiating) components; the subsonic components are largely unaffected 
[45]. The significance of modal restructuring is that large attenuations of radiated 
sound can be achieved by an appropriate change in the controlled structural mode 
shapes without affecting the overall amplitude. This approach is shown to require 
significantly less control energy. 

Other work on free field application of ASAC have centered on using optimally 
shaped piezoelectric sensors and actuators bonded or embedded in the structure [46] 
(an adaptive or smart structure). Emphasis has been placed on shaping the sensors 
so that the radiating components of the structural motions are observed, i.e. the 
sensor acts as a structural wave number filter; Good reductions in radiated sound 
levels for both on and off resonance conditions were observed. This work has now 
been extended to include the influence of heavy fluid loading on structural motions 
[47]. Experiments performed cooperatively between VPI&SU and NRL have shown 
that the ASAC technique still provides high global attenuations when the radiation 
loading induces significant modal coupling. 
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4.4 Artificial Neural Networks 



Artificial neural networks encompass a broad class of concepts relating to 
classification, prediction, control and decision making. These systems as 
implemented in engineering environments are generalizations of adaptive i 
controllers. The systems are generally implemented such that they "learn" about 
their control functions by example. This is generally accomplished though a process ; 
where the neural network is given a series of input and resulting outputs. The 
systems attempt to predict the supplied output (result) by operating on the input 
vector and adjusting the internal parameters of the neural network. In this way, it 
operates much like an adaptive digital filter except that it is not restricted to linear 
systems. The method which is used to train the system is a subject of much debate. 
The most common approach uses a back propagation algorithm which employs 
gradient information about the neural net model to adjust the weights of the model 
[48]. This technique is often cited as being slow to converge and requires a large data 
base to train. An extension to this technique is termed dynamic back propagation 
and is discussed by Narendra [49]. This approach attempts to optimize the structure 
of the neural network as well as the network parameters themselves. Hoskins and 
Vagners [50] discuss stability criteria for a closed loop system using neural controllers 
based on approximate models of the plant. 

Barron [51] bases a general adaptive polynomial neural network upon mathematical 
approximation theory and statistical decision theory. In this approach, the 
algorithm adaptively grows the structure using the observed data using a well 
defined model selection criteria. The use of polynomial networks was found to 
provide a structure that is not limited in its approximating capability. This approach 
wais used by Barron et al [52] to provide fault detection, isolation, estimation 
function and reconfiguration strategies for flight control systems. This paper 
outlines the design procedure (i.e. database preparation, extraction of wave form 
features and network synthesis) and the architecture of the system for a control 
reconfigurable combat aircraft. A similar approach is used in defining an optimum 
real time, two point boundary value problem for guidance of tactical weapons [53]. 

Chen and Khalil [54] showed how neural networks may be used to linearize the 
feedback control problem for non-linear systems. The neural network learned the 
non-linearities of the system on-line. The output of the controller is then used in a 
conventional linear control scheme. Fuller et al [55] showed that a nonlinear 
system could be controlled directly using a neural network as the control element. 
This was for a simple electronic op amp driven to saturation. However, a 
comparatively simple neural control was implemented in real time to several 
hundred hertz. 

Jorgensen and Schley [56] discuss the requirements for a neural network based 
system for an aircraft automatic landing system. It is expected that the flight 
envelope which is presently very limited may be expanded using such a system. 
Rather than applying the linear control systems with limited inputs presently in 
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use, a neural network system may be expected to utilize a wide range of input 
parameters to "learn" the operational responses of pilots in critical situations. 
Simulations of a sample controller is presented along with the structure of the 
controller. 

An experimental evaluation of neural networks for control of autonomous 
undersea vehicles is presented by Herman et al [57]. The design of such a system is 
presented as well as a discussion of the issues relating to intelligent control and the 
hierarchical control system architecture. An extensive survey of the use of neural 
networks for the control of other vehicles and robotic motion is included in 
subsequent chapters of this reference. 

The speed and simplicity of neural networks is used by Thursby et al [58] to 
implement smart electromagnetic structures that provide an adaptive 
electromagnetic environment to the structure on which they are mounted. By 
incorporating a neural network into the control structure of a single microstrip 
patch element, an antenna's performance characteristics may be varied in real time 
in response to a received signal. This has a payoff of improving receiver 
characteristics in a frequency agile environment as well as reducing the 
manufacturing and siting tolerance requirements normally placed on such 
antennas. 

A real-time feedforward neural network controller implemented multiple input, 
multiple output control of broad band vibration on a built up structure. The 
controller adaptively learned to control the vibration at multiple sensor locations. 
Reductions up to 20 dB were attained as reported by Bozich and MacKay [59]. 

Parker et al [60] describes a broad band controller based on polynomial neural 
networks to control the vibration generated by the interaction of an elastic structure 
with both laminar and/or turbulent boundary layers. This works employs recursive 
elements in a feedback control system to provide control of a stationary random 
process. i- < 

Caball et al [61] use a neural network in an analytical investigation of a nonlinear 
temporal and spatial optimization problem. The optimum inputs and positions of 
an array of actuators used for active control of noise transmission are derived. It is 
shown that this approach is in good agreement with conventional approaches to 
numerical optimization. Schemes to reduce the required degrees of freedom are 
illustrated. It is shown that performance of the control system is only marginally 
affected by the reduced channels in the control system. 

Midkiff and McHenry [62] discuss the design of multi-computer networks to meet 
the processing requirements of smart structures. Methods for mapping neural 
network computational models onto multi-computer networks are discussed in the 
context of integrating sensor, control and communication requirements for 
implementation on real hardware. The structure of the multi-computer processing 
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nodes, interconnection networks and a hierarchical model are studied and 
alternatives discussed. 

Mazzu et al [63] present an approach for the design of intelligent structural 
monitoring systems. The approach consists of integrating artificial neural networks 
and knowledge based expert systems in order to achieve maximum benefit from 
both. In this work, strain measurements are processed through parallel neural 
networks and expert systems are used to evaluate the results. 

Finally, Protzel [64] et al discuss the fault-tolerance of artificial neural networks 
(ANN). In particular, the fault-tolerance characteristics of time recurrent ANNs 
that can be used to solve optimization problems are studied. It is demonstrated that 
although these networks do not perform as well as conventional optimization 
methods, they perform with a more graceful performance degradation when 
confronted with various system failures without the additional redundancy 
required for the conventional systems. This may be especially desirable on long- 
term, unmanned space missions, where component failures have to be expected but 
no repair or maintenance can be provided. 

4.5 Modeling Requirements for Verification and Simulation 

4.5.1 Non-Linear Properties 

Joshi [65] presents a concise formulation of relevant nonlinear constitutive relations 
of piezoelectric materials suitable for sensor and transducer applications. This paper 
extends the widely accepted linear relations of piezoelectric materials available for 
structural applications to the electroelastic constitutive behavior that is critical to 
predicting the response of a structure with embedded piezoelectric materials. 

4.5.2 Modeling and Embedment Effect 

MIT researchers [66] discuss finite element modeling of ADINA model. Important 
attributes of the work are one beam element per strut, use of consistent mass matrix, 
node flexibility incorporated through measured strut component test data, wires 
modeled as distributed masses, and modal damping included in post processing. 

Anderson and Hagood [67] discuss selection of sensors and actuators to minimize 
impact of model inaccuracies on achievable performance and stability. It is stated 
that placement and performance/stability are related to the models of the 
transducers, and method of achieving closed-loop performance or robustness 
should incorporate model uncertainty information into open or closed loop 
placement algorithms. Also presented are recent work in the embedded electronics 
for intelligent structures to establish potential advantages of distributing and 
embedding large numbers of sensors, actuators and processors for precision control 
of flexible structures. 
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Anders and Rogers [68] present an analytical modeling technique which uses the 
Ritz method, classical laminated plate theory, and finite panel acoustic radiation 
theory to predict the modal and structural acoustic behavior of locally activated 
shape memory alloy hybrid composite panels. 

Davidson [69] considers the modeling of stress and strain fields around and within 
optical fibers embedded in carbon reinforced composites. It is stated that the fiber 
sensor must produce a minimum perturbation in the distribution of reinforcing 
fibers, not significantly alter the mechanical characteristics of the composite, and 
match impedance so as not to attenuate sensing signal. Jensen, Pascual, and August 
[70] present their investigation of the significance of the orientation of embedded 
optical fibers on the tensile behavior of graphite/bismaleimide laminates. It is 
reporteid that optical fibers have a detrimental effect on the tensile behavior of 
graphite/bismaleimide laminates. Bronowicki, Betros, Nye, Mclntyre, Miller and 
Dvorsky [71] have made mechanical validation of embedded lead-zirconate-titanate 
(PZT) sensor and actuators in a composite materials. The embedded transducers 
have been subjected to tension and compression loading at a level of fatigue and to 
the vacuum and thermal environment of space. Two standard Navy PZT 
compositions, type I and n, embedded in graphite/epoxy or a graphite/thermoplastic 
laminate were evaluated. 

Bronovyicki, Mendenhall, Betros, Wyse and Innis [72] present phase III of the 
advanced composites with embedded sensors and actuators (ACESA) program. 

4.5.3 Simulation and Verification 

Wu and Tzeng [73] investigated active vibration control of smart structural 
materials using the numerical simulation and the experimental testing. The 
control mechanisms of Lyapunov's second method has been verified to be an 
effective controller for smart material systems with piezoelectric sensors and 
actuators for the experimental analysis and the numerical simulation. The 
piezoelectric active damper is effective for transient vibration control, while it is not 
sufficient enough to suppress large steady-state oscillation. 

Hanks [74] presents ground verification of a large flexible spacecraft and analytical, 
investigation of on-orbit dynamic tests of Space Station Freedom. Difficulties of 
verifying a large flexible spacecraft on earth are presented with a possible alternative 
of using scale models to substitute the real model ground tests. 

4.5.4 Zero-Gravity Issues 

Swans0n, Yuen, and Pearson [75] report about the dynamics of test structures on a . 
laboratory suspension system that were compared with the dynamics during zero- 
gravity parabolic flights on a NASA KC-135 aircraft. It is reported that parabolic 
aircraft flights can adequately measure the effects of the ground suspension friction 
and restraint, and that accurate modal measurements can be made. Lawrence, Lurie, 
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Chen and Swanson [76] performed An active member vibration control experiment 
in a KC-135 reduced gravity environment. The results of flight tests were well 
correlated to those of the ground tests, Crawley, Alexander and Rey [77] discuss about 
gravity effects on sensors and actuators, which affect control performance of the 
system. Both direct and indirect effects of gravity are presented with application to 
the middeck active control experiment (MACE). 

4.5.5 Modal Analysis 

Su, Rossi, Knowles and Austin [78] used a digital signal processing (DSP) based 
workstation to identify modal parameters and vibration control of a cantilever 
beam. The workstation with DSP as the main processor, it estimated the modal 
parameters of a cantilever beam after the modes were detected using stochastic 
methods. The workstation also analyzes the data from 34 piezoceramic sensors of 
acceleration and strain, and generates control signals to the 18 actuators for vibration 
control. 
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5 Recommendations for Future Research 



The recommendations for future research in active (smart) structures at Langley 
emphasize Langley's strengths so that significant contributions might be achieved. 
The recommendations are in the following areas: 

1) actuation materials 

2) smart/intelligent sensors 

3) information management 

4) applications 

5.1 Actuation Materials 

In the materials area, the integration of smart materials such as piezoelectric 
ceramics into composite materials is seen as a research area in which Langley can 
make significant technical contributions. By incorporating the sensing and 
actuation function within the composite material, weight reductions, decreased 
volumes, increased reliability (fewer parts) and improved performance (better 
sensing and actuation) may be achieved in future aircraft and spacecraft designs. 
Potential research areas are piezoelectric polymeric films and coatings, integration of 
piezoelectric ceramic powders and metallic powders into composites, and 
piezoelectric fibers. The use of magnetostrictive materials, such as Metglas and 
Terfenol-D, with composites is another research area that should be pursued. These 
magnetostrictive materials have large force outputs and use low voltage inputs. 

Piezoelectric ceramic powders and polymers may be film cast into thin sheets for 
various applications. Likewise, Terfenol-D powder and polymers could also be film 
cast for applications in various structural concepts. 

More ways of integrating sensing materials into composites needs to be investigated. 
This would allow for more and better information about the structural 
environment that could lead to improved performance and understanding of 
structural behavior. 

For aircraft, the current designs use the lightest materials and strongest 
configurations available. A goal of these smart actuation materials should be to 
develop stiffnesses comparable to current engineering materials. 

5.2 Smart/Intelligent Sensors 

Any intelligent aspect of a smart structure should come from its ability to receive 
and process external disturbances and command actuators based upon a control 
strategy resident in the control processors. A smart structure can only be as smart as 
its built-in intelligence level. 



A State-of-the-Art Assessment of Active Structures 



67 



Areas of smart sensors which are applicable to various aspects of parameter 
measurements should be pursued, such areas as, acceleration, strain and strain rate, 
force, pressure, temperature and displacement. These measurands should be 
converted to signals that are suitable for signal processing and subsequent 
communication to the smart structure information management system. 

The use of smart sensors to measure pressure and loads on wing surfaces during 
wind tunnel tests and flight tests should be pursued. In wind tunnel testing, the use 
of smart sensors could reduce the cost of design and fabrication. 

5.3 Information Management 

The networking of smart structural subsystems within a structure is seen as a very 
important research area which has not received attention by researchers. Concepts 
need to be developed and evaluated for performance and applications. A general 
architecture for information management is needed within which the network 
resides. Research in smart/intelligent structures at this time has dealt with a single 
system or subsystem. Some understanding of how these subsystems will be 
integrated on an aircraft or spacecraft should be addressed. It is possible that 
individual autonomous smart subsystems could give conflicting commands to 
cause performance to degrade. Thus an overall information management system 
including the networking architecture should be developed. 

5.4 Applications 

It is hoped that the development of new smart materials and the supporting 
technologies (electroding, poling and testing) will form a critical mass of people 
capable of interfacing with other researchers here at the Center. The exchange of 
ideas is important and we can only suggest a few ways in which smart materials 
could be used in aircraft and spacecraft. 

In aircraft the use of smart materials in aircraft wing designs can be used to suppress 
flutter, control winglets, change control surfaces, and extend laminar flow region. It 
may be possible to develop a gust load alleviation system for general aviation. 
Improved sensing of performance related parameters in aircraft wings should be 
emphasized. Use of new smart materials should be pursued for noise suppression 
in transports. 

Force balances for supporting wind tunnel models could benefit from the smart 
materials area. A single variable stiffness support could accommodate the testing 
requirements of different size models which have different load ranges. This would 
allow other components to be properly sized so that the measured force and 
moments are sensitive to the wind induced loads. 
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5.5 Research Environment 



A strong requirement for implementation of innovative structural systems is an 
understanding of the physics of the system to be controlled. The advanced 
structural dynamic modeling capabilities at Langley provide a firm foundation for 
future development. Additionally, for aeronautical applications, dynamic modeling 
of fluid structural coupling effects should be emphasized for innovative 
applications of smart structures. 

It is hoped that a coordinated effort in active structures will be more formally 
established here at the Center. The research areas discussed in this report are multi- 
disciplinary and require the cooperation of several organizations. With research 
activities in aeronautics and space at the Center, the management could help foster 
the research environment by advising the active structures technical committee of 
research in their organization in active structures. It would then be the intention of 
the technical committee to have the researcher present his or her results and engage 
in an exchange of ideas. 



A State-ofthc-Art Assessment of Active Structures 



69 



Appendix A 



Proposed Structure Types 




A 
B 

C 



Sensory 



Adaptive 



Controllable 



E 



Active 



Intelligent 
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Appendix B 



Piezoelectric Materials 

Piezoelectric material are materials which generate a mechanical strain when an 
electrical voltage is applied or vice versa generate an electrical voltage when they are 
mechanically deformed. There are manmade materials which may be poled such 
that they will exhibit piezoelectric properties. This is accomplished by applying a 
large inducing voltage across the material. The dipoles within the material align 
themselves such that the positive ends of the dipoles are oriented toward the 
negative poling voltage. The electric field is held on the material for a certain time 
and then removed. The dipoles maintain their orientation. When subsequent 
smaller voltages are applied to the same piece of material, the dipoles will respond 
by attempting to reorient themselves. 

r 

To utilize the material once it has been poled, a charge is applied across the 
material. The dipoles within the piezoelectric ceramic will attempt to align 
themselves such that the positive ends of the dipoles will be attracted by the 
negative applied current and vice versa. 

The electromechanical coupling coefficient is called d> followed by subscripts. The 
first subscript corresponds to the direction of the applied voltage and the second 
corresponds to the direction of deformation. 

Figure 1 shows the electrodes attached to the ceramic in the same manner as the 
original inducing voltage was applied. This is the 3-direction. The in-plane 
directions are defined as the 1 and 2 -directions. When the voltage is applied as 
shown in the figure, the negative ends of the dipoles are pulled by the positive 
voltage and the positive ends are pulled by the negative voltage. This causes a 
stretching of the material in the direction of poling. The figure on the left shows 
this effect, which is termed the d^ effect. 

Figure 2 illustrates that in response to a voltage applied in the 3-direction, a 
deformation occurs in the in-plane direction. Note that the d 33 and d 31 effects occur 
simultaneously. The d 3 j effect can be thought of as a Poisson-like effect. 

Figure 3 shows the d 15 effect which occurs when the electrodes and thus the applied 
voltage are oriented at 90 degrees to the direction of the polarization. The resultant 
deformation is a shear effect as the tops of the dipoles pull to the left and the 
bottoms strain to the right 



A Statc-of-lho-Art Assessment of Active Structures 71 



Figure 1 Thickening Effect (d 33 effect) 




Figure 2 Lengthening Effect (d 31 , d 32 effect) 




Figure 3 Shearing Effect (di 5 effect) 
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Effect of Expansion and Contraction of the Surfaces on Shape of a Wedge-Shaped 

Trailing Edge 

A very effective means of control for subsonic airplanes is deflection of the trailing 
edge of an airfoil. Determination of the effect of expansion and contraction of the 
skins on the shape of a trailing edge is therefore of interest. A means of 
accomplishing the expansion and contraction could be a surface mounted 
piezoelectric ceramic. 

Consider a trailing edge with flat upper and lower surfaces. The skins can expand or 
contract longitudinally. As shown in the following sketch, the interior structure 
may be considered to be a Warren truss that resists shear but offers no resistance to 
expansion or contraction of the skins. 




An element of the trailing edge of height h and length dx is shown below: 



If the upper surface expands and the lower surface contracts, the change in length of 
each surface element is plus or minus sdx, where s is the strain of each surface. The 
change in angle of the rear of the section as a result of this deformation is 



~*H dx 





dx 
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The thickness of the wedge-shaped trailing edge is defined by the formula: 

h * Hq ~Kx ^~{x m -x) 



If this value is substituted the preceding expression, then the slope of the mean line 
may be determined by the expression: 



2$dx 



Integrating this expression: 
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simplifying: 



2s 



fi-fWi-*) 




m 



m 



A plot of 2 times the quantity in brackets (for 0 < xi/x m ^ 9) is shown in figure 1. 



The mean line is seen to bend with increasing slope as the trailing edge is 
approached. In practice, the finite thickness of the trailing-edge skin would prevent 
the use of this theory too close to the trailing edge. Also, the small angle 
approximations made in the derivation become invalid when the slope is too large. 
In the case of no small-angle approximations and the mathematical idealization of 
infinitely thin skin, an exact solution would show the mean line spiraling around 
an infinite number of times as the trailing edge is approached. This behavior is an 
interesting example of Zeno's paradox, but has no practical significance. 

As an example, consider the trailing edge to be rigid (because of finite skin thickness) 
for the rear 10 percent of the wedge-shaped section considered. Then, as shown in 
figure 1 (with a linear function from .9 < xi/x m ^ 1 which is tangent to the curve at 
the point xi/xm =.9), the deflection at the trailing edge would be approximately: 



For a value of h 0 /x m = 0.1 and a value of x m = 1 foot, the value of y at the trailing 
edge would be as follows for several values of the strain, s. 



A value of strain of about 0.01 would be required with the method studied to give a 
trailing-edge deflection comparable to that obtained with a conventional control 
surface. 



Discussion 
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Figure 1 Function showing shape of mean line of trailing edge caused by 
expansion and contraction of surfaces 
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Comparisons of Adaptive Materials 

The following information was presented by Dr. Ralph Fenn of SatCon Technology 
Corp. at NASA Langley Research Center on February 6, 1992. 

Qualitative Comparison of Adaptive Materials 

Magnetostrictive foil is superior to piezoelectric ceramics in four areas. 

1. RELIABILITY: 

o No inaccessible embedded leads to break, 
o Physical continuity of large electrodes is not required, 
o Minimized short circuits due to conductive laminations, 
o Low voltage power improves reliability. 

2. STABLE PROPERTIES: 

o Low temperature sensitivity of magnetostriction, 
o Low creep. 

o No "bleeding" like piezoelectrics where initial elongation decays. 

o Will not depole or break down like piezoelectric materials in high operating fields. 

3. MANUFACTURABILITY: 

o Tough Metglas ribbon can be wound onto mandrels at high speed. 

o Pre-anneal Metglas is flexible enough to follow very tight curves. 

o Interlacing of electrodes and active material is not required so process is simpler. 

4. FLEXIBILITY: 

o Adaptive material shape response can be altered by changing field shape using 
interchangeable coils. 
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Quantitative Comparison of Adaptive Materials 



PZTG-1195 



Max. Strain (ppm) 300 



E (lb/in 2 ) x 10* 6 
Tmax(°C) 
Hysteresis (%) 
Bandwidth 
Temp.Sen.(%/°C) 
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Electrostr. 
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17 
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<1 
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0.9 



Nitinol 
Sh p Mem. 

20000 AC 



45 
5 

1Hz 



Terfenol-D ' 
Magnetostr. 

1800 

7 

380 
2 

100 Hz 

0.3 



Comparison of Magnetostrictive Materials 

Terfenol-P 
1800 ppm 
500 G 

6xl0" 7 ftm 
no 

Conclusions: 

1. Nickel and most magnetostrictive materials require large fields for actuation. 

2. Metglas has same maximum strain as traditional magnetostrictive materials but 
requires three orders of magnitude lower fields. 

3. Terfenol-D has 35 times larger strains than Metglas but can not be laid into 
composites. 



Nickel Metglas 

Maximum strain 50 ppm 50 ppm 

Field required 6,0000 1G 

Resistivity 7xl0' 8 flm lxlO" 6 Qm 

Available in foil yes yes 
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Appendix 



Typical Applications of Piezoelectric Film (PVDF) 
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Drum Trigger 

Sports Equipment 

Target Location (Baseball, Golf, Tennis, 

Basketball, etc*) 

Speed 

Reaction Time 
Foul Line 

Force (Karate Impact, 
Football Sled, Jump Force) 
Sweet Spot 

Toys/Games 
Switches 

Proximity (Passive Infrared) 

Audio 

Tweeter 

Balloon Speakers 

Novelty Speakers (Visor, Poster) 

Microphone 



MMJi&mmmmMmi 

Hydrophones 

Towed Cable Array 
Hull Mounted Arrays 
Sonobuoys 

Active Noise Suppression 

Ballistics 

Safety and Arming Fuses 
Shock Wave Gages 
Detonators 

Target Coordination Detection 
Smart Munition Pyroelectric Sensors 
Seismic Accelerometers 

Physical Security 
Perimeter 
Seismic/Geophones 
Covert Microphones 

Traffic Sensors 

Vehicle Classification 

Weight-ln-Motion 

Speed 

Lane Designation 
Toll Booth 
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Appendix F 



Typical Properties of Piezoelectric Film (PVDF) 



Thickness 


9,28,52,110 x 10-6 meter 


Piezoelectric Strain 


23xl0- 1 2 m / m 


Constant - 


V/m 


Piezoelectric Strain 


~33xi0^ m/m 


Constant - 


V/m 


Piezoelectric Stress 


216 x M£ffi 


Constant - 


N/m2 


Piezoelectric Stress 


-339 x 10 ° Ylm 


Constant - 


In / III** 


Electromechanical 


12% (@ 1 kHz) 


Coupling Factor 


19% (@1 kHz) 


Capacitance 


380 pF/cm^ for 28 x 10 ° meter film 


Young's Modulus 


2 x 10* n/m 21 


Speed of Sound 


1.5-2.2xl03m/s 


(transverse thickness) 


Pyroelectric Coefficient 


-25 x 10- 6 C/m 2 °K 


Permittivity 


106 - 113 x 10" 12 F/m 


Relative Permittivity 


12-13 


Mass Density 


1.78 x 10 3 kg/m 3 


Volume Resistivity 


lO 1 ^ ohm meters 


Surface Metallization 


2.0 ohms/square for CuNi 


Resistivity 


0.1 ohms/ square for Ag ink 


Loss Tangent 


0.015 - .02 (@ 10 - IIP Hz) 


Compressive Strength 


60 x 10 6 N/m 2 (stretch axis) 


Tensile Strength 


160-300xl06N/m 2 


(Transverse axis) 


Temperature Range 


-40°Cto80°C 


Water Absorption 


< 0.02% H2O 


Max. Operating Voltage 


750 V /mil » 30 V/10* 6 ra 


Breakdown Voltage 


2000 V/mil - lOOV/lO^m 
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Appendix G 

Measured and calculated properties of <Pb, Ca)TiC>3 ceramic 
and stycast composites 

Contains 25 percent ceramic by volume. Underlined quantities are measured 
directly. Others are inferred. 





Ceramic 
Measured 


Com| 


>0site 
Cakfd 


e*33 






<%(pC/M) 


] 1 




W 






"ST 


43 




21 




6,8 




m 




31 


gfc (MV-m/N) 


35 


66 m 




2216 


2100' 1 i9i8 u 1 
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Appendix H 



Sample 



Size 

Density 
(g/cm 3 ) 

Dielectric 
Constant, 

K33 T 

d33 (PC/N) 



Rod diced froml Rod #1 
Sintered Pellet 



Piezoelectric Properties 

Composite N-l Composite #2 



C&{m/s) 
d h (pC/N) 

Impedance 
(MRayl) 



1mm x 1mm 

7.4 

3200 
593 

G.7E 



Dia. 0.8mm Dia. 30mm 



7.5 

3000 
610 

0.65 



1.8 



320 

400 on Rod 
230 between Rod 

0,55 

2800 

40 

143 

5.0 



Dia. 4mm 

3.62 

420 
310 

Ml 

3520 
52 

14^ 
12,7 



1 Data from FMI, parts fabricated by Vernitron 

2 Data from Vernitron literature 

3 Constant up to hydrostatic pressure 1050 PSI, equipment limit 
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Appendix I 

Fatigue Loading Schedules 



Type- 


Load 


Strain 


Percent of 


Number of 


Schedule 


lb 


m-e 


Limit 


Cycles 


1-a 


1,500 


360 


60% 


100 


1-b 


2300 


600 


100% 


10 




2,000 


480 


80% 


50 




1,500 


360 


60% 


800 


11-a 


4,200 


900 


60% 


100 


11-b 


7,000 


1,500 


100% 


10 




5,600 


1,200 


80% 


50 




4,200 


900 


60% 


800 
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DAMAGE DETECTION IN SIMULATED AGING-AIRCRAFT PANELS 
USING THE ELECTRO-MECHANICAL IMPEDANCE TECHNIQUE 

Victor Giurgiutiu* and Andrei Zagrai** 

Department of Mechanical Engineering 
University of South Carolina, Columbia, SC 29208 
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ABSTRACT 1 

The aging of aerospace structures is a major current concern 
of civilian and military aircraft operators. . PZT active sensors 
offer special opportunities for developing sensor arrays for in-situ 
health monitoring of aging aircraft structures. In this paper, we 
examine the structural health monitoring of aging aircraft 
structures with the electro-mechanical (E/M) impedance method. 
Local impedance methodology as well as damage detection 
strategy were developed. The detection of damage due to 
corrosion, structural cracks, and active sensor self-diagnostics 
with electro-mechanical (E/M) impedance method are discussed. 
The paper emphasis is sensor fabrication and installation 
procedures. Consistency and repeatability of sensor fabrication 
and installation were perfected and confirmed by statistical tests 
on a number of nominally identical specimens. Experiments on 
simple metallic beams were then performed and the results were 
compared with readily available theoretical predictions. 
Experiments on square plates manufactured from aircraft grade 
thin-gage stock followed. Statistical analysis of plate data 
confirmed that consistent and repeatability results could be 
achieved with our methodology. Finally, experiments on realistic 
aircraft panels with simulated crack and corrosion damage were 
performed. An array of four sensors were installed along a line 
emanating at a right angle from the crack, and E/M impedance 
readings were collected from all sensors. Consistency of sensor 
readings was verified. Also, the tendency of frequency to shift in 
the vicinity of the crack was noticed. However, further data 
processing, and detailed FEM modeling are still needed before 
full understanding of the correlation between crack presence and 
sensors readings is achieved. 



ELECTRO-MECHANICAL (E/M) IMPEDANCE METHOD 

The impedance method is a damage detection technique 
complementary to the wave propagation techniques. Ultrasonic 
equipment manufacturers offer, as options, mechanical impedance 
analysis (MIA) probes and equipment (Staveley NDT 
Technologies, 1998). The mechanical impedance method consists 
of exciting vibrations of bonded plates using a specialized 
transducer that simultaneously measures the applied normal force 
and the induced velocity. Cawley (1984) extended Lange's 
(1978) work on the mechanical impedance method and studied 
the identification of local disbonds in bonded plates using a small 
shaker. Though phase information was not used in Cawley' s 
analysis, present day MIA methodology uses both magnitude and 
phase information to detect damage. 




{ ^ 

Figure 1 Electro-mechanical coupling between the PZT active 



sensor and the structure. 
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The electro-mechanical (E/M) impedance method (Rogers 
and Giurgiutiu, 1997) is an emerging technology that offers 
distinctive advantage over the mechanical impedance method. 
While the mechanical impedance method uses normal force 
excitation, the E/M impedance method uses in-plane strain. While 
the mechanical impedance transducer measures mechanical 
quantities (force and velocity/acceleration) to indirectly calculate 
the mechanical impedance, the E/M impedance active sensor 
measures the E/M impedance directly as an electrical quantity. 
The principles of the E/M impedance technique are illustrated in 
Figure 1 . The effect of a piezo-electric active sensor affixed to the 
structure is to apply a local strain parallel to the surface that 
creates stationary elastic waves in the structure. The structure 
presents to the active sensor the drive-point impedance, 



Z str (co) = iC0tn e (co) + c e (CO) - ik e (co)lco . Through the 

mechanical coupling between the PZT active sensor and the host 
structure, on one hand, and through the electro-mechanical 
transduction inside the PZT active sensor, on the other hand, the 
drive-point structural impedance gets directly represented in the 
effective electrical impedance as seen at the active sensor 
terminals. The apparent electro-mechanical impedance of the 
piezo-active sensor as coupled to the host structure is: 



ACQ) 



CD 



where Z(co) is the equivalent electro-mechanical admittance as 
seen at the PZT active sensor terminals, C is the zero-load 
capacitance of the PZT active sensor, Jf 31 is the electro- 
mechanical cross coupling coefficient of the PZT active sensor 



Z str is the impedance of the structure, and 



Zpzt is the impedance of the PZT active sensor. The electro- 
mechanical impedance method is applied by scanning a 
predetermined frequency range in the hundreds of kHz band and 
recording the complex impedance spectrum. By comparing the 
impedance spectra taken at various times during the service life of 
a structure, meaningful information can be extracted pertinent to 
structural degradation and the appearance of incipient damage. It 
must be noted that the frequency range must be high enough for 
the signal wavelength to be significantly smaller than the defect 
size. 

Giurgiutiu and Rogers (1997, 1998) presented an extensive 
review of the state of the art in E/M impedance health monitoring 
of structures. Recent developments in this method focus on 
finding an effective damage metric to compare the E/M 
impedance spectra of pristine and damaged structures. Quin et ai 
(1999) developed an E/M impedance damage index (DI) scheme 
based on the differences of the piecewise integration of the 
frequency response curve between the damaged and undamaged 
cases. In addition, improved characterization of the structure is 
achieved by the separation of transverse and longitudinal outputs 
through directional ly attached piezoelectrics (DAP). Lopes et al. 
(1999) used neural network techniques to process high-frequency 
E/M impedance- specrraTIrTanalytical simulation studies, a three 
level normalization scheme was applied to the E/M impedance 
spectrum based on the resonance frequencies. When applied to 
actual E/M experiments, the neural network approach was 
modified to another set of normalized values: (i) the area between 
damaged and undamaged impedance curves; (ii) the root mean 
square (RMS) of each curve; and (iii) the correlation coefficient 
between damaged and undamaged curves. These values were 
calculated for both real and imaginary parts of the impedance 
spectrum. Good identification of damage location and damage 
amplitude was reported. 

DAMAGE DETECTION STRATEGY 

T he real part of the E/M impedance reflects the state of 
structural health in the local area under the influence of the 
excited sensor. The integrity of the sensor itself is confirmed by 
the E/M impedance imaginary part 

Consider an array of 4 active sensors as presented in Figure 
2. Each active sensor has its own sensing area resulting from the 
application of the localization concept. This sensing area is 



characterized by a sensing radius and the corresponding sensing 
circle. Inside the sensing area, the sensor capability decreases as 
the distance from the sensor to the damage increases. A damage 
feature that is placed in the near field of the sensor is expected to 
create a larger disturbance in the sensor response than a damage 
feature placed in the far field. Effective area coverage is ensured 
when the sensing circles overlap. The diagnostics of the adjacent 
structure is performed using the active (real) part of the E/M 
impedance (Re Z). Incipient damage changes taking place in the 
structure are reflected in the drive-point structural impedance. 
Our experience has indicated that the change in the structural 
drive-point impedance extensively affects the real part of the 
effective electro-mechanical impedance of the piezo-electric 
active sensor affixed or embedded in the structure (Giurgiutiu and 
Rogers, 1998). 



(a) 



ib) 



Figure 2 Damage detection using an array of 4 piezoelectric active 
sensors and E/M impedance method: (a) detection of 
structural cracks; (b) detection of corrosion damage. 
The circles represent the sensing radius of each active 
sensor. 



E/M Impedance Detection of St^ 

Figure 2a features a structural crack placed in the sensing 
circle of active sensor 1. The crack presence modifies the 
structural field and effective drive-point structural impedance as 
seen by sensor 1. In the same time, the crack also belongs to the 
sensing circle of sensor 2, but it is right at the periphery of this 
circle. By this token, we expect that the effective drive-point 
structural impedance as seen by sensor 2 to be also affected, but 
to a much lesser extend than for sensor 1. Regarding sensors 3 
and 4, the structural crack is outside their sensing circles, hence 
their drive-point structural impedance will be almost unchanged. 
In virtue of Equation (2), these changes in the drive-point 
structural impedance will be directly reflected in the E/M 
impedance of the sensor. In conclusion, the crack illustrated in 
Figure la is expected to strongly modify the E/M impedance of 
sensor 1 , to slightly modify that of 2, and to leave unchanged 
those of 3 and 4. 

E/M Impedance Detection of Corrosion Damage 

Figure 2b features a patch of corrosion damage placed in the 
sensing circle of active sensor 1 . In the same time, the corrosion 
damage also belongs to the sensing circles of sensors 2 and 4, but 
to a lesser extent. (For sensor 2, only half of the corrosion 
damage is inside its sensing circle; for sensor 4, the corrosion 
damage only touches the periphery of its sensing circle.) We 
expect that the effective drive-point structural impedance seen by 
sensor 1 will be strongly modified, that seen by sensor 2 will be 
somehow modified, and that of sensor 4 will be slightly modified. 
The drive-point impedance of sensor 3 will remain virtually 



unmodified. In virtue of Equation (2), these changes in the drive- 
point structural impedance will be directly reflected in the E/M 
impedance of the sensor. In conclusion, the corrosion damage 
(Figure 2b) is expected to strongly modify the E/M impedance of 
sensor 1, to somehow modify that of 2, slightly modify that of 4, 
and to leave unchanged that of 3. 

Active Sensor Self-diaqnostics 

Piezo-electric wafer transducers affixed to, or embedded 
into, the structure play a major role in the successful operation of 
the health monitoring and damage detection system. Integrity of 
the transducer and consistency of the transducer/structure 
interface are essential elements that can "make or break" an 
experiment. The general expectation is that, once the transducers 
have been placed on or into the structure, they will behave 
consistently throughout the duration of the health monitoring 
exercise. For real structures, the duration of the health monitoring 
exercise is extensive and can span several years. It also will 
encompass various service conditions and several loading cases. 
Therefore, in-situ self-diagnostics methods are mandatory. The 
transducer array should be scanned periodically as well as prior to 
any damage detection cycle. Self diagnostic methods for 
assessing active sensor integrity are readily available with the 
E/M impedance technique. The piezo-electric active sensor is 
predominantly a capacitive device that is dominated by its 
reactive impedance MicoC. Our preliminary tests have shown that 
the reactive (imaginary) part of the impedance (Im Z) can be a 
good indication of active sensor integrity. Base-line signatures 
taken at the beginning of endurance experiments when compared 
with recent reading could successfully identify defective active 
sensors. Figure 3 compares the Im Z spectrum of a well-bonded 
PZT sensor with that of a disbonded (free) sensor. The 
appearance of sensor free-vibration resonance, and the 
disappearance of structural resonances constitute un-ambiguous 
features that can be used for automated sensor self diagnostics. 
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ACTIVE SENSORS FABRICATION 

Previous efforts (Giurgiutiu et aL, 2000) have shown that 
sensor intrinsic behavior can significantly affect the E/M 
impedance readings, and that consistent sensor fabrication and 
installation procedures are needed for the E/M impedance method 
to be successful. Hence, the analysis of the sensor fabrication and 
identification/elimination of faults and shortcomings was one of 
our major concerns of the present investigation. In order to save 
costs, previous efforts attempted to fabricate the small 6-mm sq. 
sensors out of large PZT sheet using conventional tooling. This 
process, though inexpensive, was producing significant variation 
in sensor size and geometry that affected the E/M impedance 
readings. In order to reduce uncertainties, we desired to seek 
small-size commercially available piezoelectric wafers, produced 
with precision technologies. Several vendors that can supply 
small PZT wafers were identified. The small PZT wafers 
produced by American Piezo Ceramics, Inc. were selected based 
on their low cost and good manufacturing tolerances (Table 1). 

Table 1 Manufacturing tolerances for APC, Inc. small 
piezoelectric wafers (www.americanpiezo.com ) 



Dimension 


Units (mm) 


Standard Toterarvcs 


Length or WkKh of 






Tntaknoss of AH Parts 


0.20mm to 0.49mm 





Table 2 Properties of piezoelectric ceramic APC-850 (as from 
company website www.americanpiezo.com ) 
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Figure 3 Active sensor self diagnostic using the imaginary part 
of the E/M impedance: when sensor is disbonded, new 
free-vibration resonance features apear at -267 kHz. 



A batch of 25 APC-850 piezoelectric wafers (7 mm sq., 0.2 
mm thick, silver electrodes on both sides) was acquired and 
subjected to statistical evaluation. In this process, we started with 
the mechanical and electrical properties declared by the vendor 
and then conducted our own measurements to verify the Vendor 
data and evaluate its veridicality. The mechanical tolerances of 



these wafers, as presented by the vendor on their website, are 
given in Table 1. The material properties of the basic PZT 
material are given in Table 2. The tolerances declared by the 
vendor for some standard electrical properties were ±5% in 
resonance frequency, ±20% in capacitance and ±20% in the 
constant. Standardized test methods for in process quality 
assurance of active sensor fabrication process were developed 
based on the following measurements: 

• Geometrical dimensions 

• Electrical capacitance 

• Free-free E/M impedance and admittance spectra. 
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Figure 4 The dimensions of the APC-850 piezoceramic PZT 
wafers were measured with: (a) Mitutoyo Corp. CD-6" CS digital 
caliper; and (b) Mitutoyo Corp. MCD - 1" CE digital micrometer. 



fashion (hole, bolt + nut + washer, short multifilament lead, 
alligator clip), and the top of the PZT square was touched with 
the positive probe. Then, data was taken when the tester readings 
had converged to a stable value. At least 6 readings were recorded 
and the average was taken. The process was iteratively improved 
until consistent results were obtained. At least 6 readings were 
taken to a form statistical set of data. Mean and standard 
deviation values were 3.276 nF, ± 3.8 %. While this method has 
clear advantages, it also has the shortcoming that instability in 
electrical readings may occur due to lack of a firm electrical 
connection through mechanical clamping of the parts in contact. 
To compensate for this shortcoming, we tried two alternatives: (a) 
a mccfc&aksi dm^p: (b>> conductive adhesive i&pe. 




Figure 6 In process quality check equipment: (a) BK Precision® 
Tool Kit™ 27040 digital multimeter; (b) PZT test clamp. 



Geometric measurements 

Twentv-five nominally identical APC-850 wafers were 
measured with precision instrumentation consisting of Mitutoyo 
Corp. CD - 6" CS digital caliper (0.01 -mm precision) and 
Mitutoyo Corp. MCD - 1" CE digital micrometer (0.001 -mm 
precision). Length, width, and thickness were measured and 
recorded (Figure 4). The results of the statistical analysis of the 
data obtained from these measurements are presented in Figure 5. 
Good agreement with the theoretical Normal distribution (Gauss 
law) was observed. Mean and standard deviation values for 
length/width and thickness were 6.9478 mm, ± 0.5%, and 0.2239 
mm, ± 1 .4 %, respectively. 
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Figure 5 Statistical distributions of geometrical dimensions of APC- 
850 piezoceramic wafers: (a) length; (b) thickness. 



Electrical Measurements 

Electrical capacitance was measured with a BK Precision® 
Tool Kit™ 27040 digital multimeter (Figure 6a) with a resolution 
of 1 pF. Capacitance measurements were selected as a in-process 
quality check to be applied during each step of sensor 
development and also during the sensor installation process. 

Direct capacitance tests using metallic ground plate. 

Capacitance of the basic PZT sensors was measured directly 
by putting the PZT square on a flat metallic ground plate. The 
negative probe was connected to the plate in a semi-permanent 



Capacitance tests using a mechanical clamp 

As an alternative, a test clamp was designed, constructed, 
and utilized to measure the capacitance of the PZT wafer (Figure 
6b). During these measurements, slow convergence of the 
capacitance values was observed. The reasons for such slow 
convergence are not fully understood, but we believe that they are 
associated with the parasitic capacitance of the clamp, the 
unscreened portion of the cable, etc. Hence, this method was later 
abandoned. 
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Figure 7 Statistical distribution of APC-850 piezoceramic wafers 
capacitance: (a) as measured on metallic ground plate; 
(b) as measured with narrow conductive tape. 

Capacitance tests using conductive adhesive tape 

The use of conductive adhesive tape as an alternative means 
of connections was also investigated. We used single coated 3M® 
Cu foil conductive tape with 0.034mm foil thickness, 0.086-mm 
total thickness, and 0.032 Ohms/cm 2 electrical resistance through 
the adhesive. This tape works on the principle of producing 
electrical conductivity through a pressure-sensitive acrylic 
adhesive. As the tape is applied, conductive particles in the 
adhesive bridge the gap between the back-up Cu foil and the 
piezoceramic. We used two tape widths: (a) wide, i.e, as received 
with a width of 6.3-mm; and (b) narrow, i.e., 2-mm wide strips 
cut out of the as received tape. The length of the connection with 
the PZT wafer was (a) 7-mm for the wide tape; and (b) 3-mm for 



the narrow tape. The use of adhesive tape exhibited the same 
slow-convergence problems previously reported with the use of a 
mechanical clamp. When narrow tape was used, somehow better 
results were obtained, but the convergence of capacitance 
readings was still slow. The values measured during these tests 
are presented in Figure 7b. Mean and standard deviation values of 
4.126 nF, ± 16.4 % were recorded. The data shows capacitance 
values are significantly different from those obtained using a 
metallic ground plate. It was concluded that the use of conductive 
tape, though convenient, poses some electrical problems that need 
to be studied further. Hence this method was also abandoned. 




(a) 

Figure 8 (a)Test jig for dynamic measurement of PZT elements (J. 
W. Waanders, 1991 "Piezoelectric ceramic", p.82, Fig 8.7); (b) 
aluminum plate with metallic bolt head used for measument of E/M 
impedance and admittance spectra of the PZT active sensors. 



shown on Figure 8(a). We used a metallic plate with a lead 
connected at one corner (Figure 8b). The PZT wafer was centered 
on the bold head and held in place with the probe tip. Thus, 
center clamping conditions were simulated, and the wafer could 
perform free vibrations while being tested. 
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Figure 10 Amplitude and phase characteristic of a free-free sensor 
vs. frequency in terms of admittance: (a) real part of 
admittance; (b) imaginary part of admittance; (c) 
amplitude of admittance; (d) phase of admittance 




Figure 9 Experimental set up for measuring the impedance and 
admittance characteristics of the PZT with HP 4194A 
Impedance Phase-Gain Analyzer. 



Measurements of the intrinsic E/M impedance and 
ad mittan ce spectra of the JPZT Lactiye„ sensor 

The intrinsic E/M impedance and admittance spectra of the 
PZT active sensors, before being attached to the structure, was 
measured with the HP 4194A Impedance Phase-Gain Analyzer. 
Three possible methods for electrically connecting the PZT wafer 
to the test equipment were considered: (a) clamping at center; (b) 
attaching conductive adhesive tape leads; and (c) attaching 
soldered wire leads. It was found that (a) and (c) give practically 
identical results, while (b) clearly different. Hence, method (b) 
was discontinued, and method (a) was adopted as standard 
procedure for its expedience. The testing fixture for implementing 
the method (a) was designed following Waanders (1991) concept 
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Figure 11 Amplitude and phase characteristic of a free-free sensor 
vs. frequency in terms of impedance: (a) real part of 
impedance; (b) imaginary part of impedance; (c) 
amplitude of impedance; (d) phase of impedance. 

To obtain the intrinsic E/M impedance and admittance spectra, 
the PZT active sensors were tested in the 100Hz — 12MHz 
frequency range using the HP 4 194 A Impedance Analyzer 
(Figure 9). The data was collected through the GPIB interface and 
processed in MS Excel. Typical admittance and impedance 
frequency spectra are given in Figures 10 and 1 1. The PZT wafer 
resonance frequencies were identified from the E/M admittance 
spectra. It was found that since the length and the width of the 
PZT wafers are nearly identical, the corresponding lengthwise 
and widthwise frequencies are coalescent, forming twin-peaks of 
in-plane vibration resonances. The first, second, and third in- 
plane resonance frequencies, as well as the out-of-plane 
(thickness) resonance (which is at much higher frequency) were 



identified and recorded. Also recorded were the values of the 
corresponding resonance peaks. Statistical distributions of the 
resonance frequencies and resonance amplitudes are given in 
Figure 12. Mean values of 251kHz and 67. 152 mS, and standard 
deviations of dbl.2% and ±21%, respectively, were obtained. 
These results proved that the basic APC-850 piezoelectric wafers 
had acceptable quality with a narrow dispersion band in 
resonance frequency. 
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Figure 12 Statistical distribution of (a) 1 st resonance frequencies 
and (b) admittance amplitudes on 1 st resonance of APC-850 
piezoceramic wafers. 




Figure 13 The installation kit for strain gages (Measurements 
Group, Inc) was used in the bonding of piezoelectric 
active sensors. 



ACTIVE SENSORS INSTALLATION 

Sensors installation on the health-monitored structure is an 
important step that may have significant bearing on the success of 
the health monitoring tests. The development of a reliable and 
repeatable installation method, which would provide consistent 
results was one of our major preoccupations. In the installation 
process, the adhesive used to bond the sensor to the structure 
plays a crucial role. The thickness and stiffness of the adhesive 
layer can significantly influence the sensor capability to excite the 
structure and may affect the quality and veridicality of the E/M 
impedance signatures. Using published data (e.g., Bergman, 
Quattrone, 1999) and personal communications with 
piezoceramic vendors we concluded that cynoacrylate adhesives 
are appropriate and convenient for short-term experiments, 
though their performance may degrade under prolonged 
environmental exposure. For long-term environmental exposure, 
other adhesive types (e.g., epoxy) may be more appropriate. Some 



investigators also reported the use of conductive epoxy, but we 
found that the adhesive conductivity is not necessary as long as 
the adhesive layer is sufficiently thin to allow physical contact 
between the PZT wafer surface "asperities" and the substrate. 
The cynoacrylate adhesive used was M-Bond 200 from 
Measurements Group, Inc. The accompanying strain-gage 
installation Instruction Bulletin 309D (Measurements Group Inc., 
1992) and installation kit (Figure 13) were also used. 
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Figure 14 Diagram for installation procedure for piezoelectric active 
sensors. 

The sensor installation procedure followed the general steps 
mentioned in the strain gage installation Instruction Bulletin, with 
some modifications introduced to account for the rigidity and 
fragility of the PZT material. Changes in sensor handling, 
cleaning, and cure pressure requirements were introduced. The 
complete procedure that we elaborated for bonding piezoelectric 
active sensors is diagrammatical ly presented in Figure 14. After 
the bonding procedure is finished, sensors edges were cleaned up 
to eliminate spills of cynoacrylate adhesive that may short circuit 
the sensor. This mechanical and chemical procedure was 
performed with fine tools and acetone. After installation, the 
sensor capacitance was measured again and checked for 
consistency against the on-flle free-sensor capacitance. 

BEAM EXPERIMENTS To better understand the 
relationship between structural resonances and the frequencies 
displayed by the E/M admittance/impedance spectrum of the PZT 
active sensor attached to the structure we performed experiments 
on simple beam and plate specimens. Structural modeling, 
performed in parallel, was used to predict the structural resonance 
frequencies and mode shapes. The theoretical and experimental 
results were compared, and validation of the theoretical 
prediction was achieved. Further, statistical processing of several 
"identical" specimens allowed us to estimate the method's 
variability and expected intrinsic spread when applied on more- 
complex structures. 

One-dimensional beam structures are easy to model, and the 
prediction of their natural frequencies is fairly well understood 
(Inman, 1996). Hence, our first experiments concentrated on 
beam specimens. A number of small steel beams various 
thickness and width values were fabricated. All beams were 
100mm long, but their width varied from 19.6 mm (wide beams) 
to 8mm (narrow beams). The nominal thickness of the specimen 



was 5.2mm; by gluing two specimens back-to-back, we were also 
able to create double thickness specimens. Thus, four beam types 
were used (Figure 15): narrow-thin, narrow-thick, wide-thin, and 
wide-thick. 

Table 3 Theoretical and experimental results for wide and 
narrow beams with single and double thickness. 



Kite. 




The comparison of wide and narrow beams was aimed at 
identifying the width effects in the frequencies spectrum, while 
the change from double to simple thickness was aimed at 
simulating the effect of corrosion (for traditional structures) and 
disbonding/delamination on adhesively bonded and composite 
structures. All specimens were instrumented with 7-mm square 
PZT active sensors placed at 40 mm from one end. Standard 
installation procedure, as outlined in the previous section was 
employed. 

PZT active sensor 7 
mm sq. 0.200 mm thick, 
APC, Inc. 




Narrow beams: 
b = 8 mm, /= 100 mm 
h - 2.6 and 5.2 mm 



Wide beams: 
= 19.6 mm, /= 100 mm 
h = 2.6 and 5.2 mm 



Figure 15 Experimental specimens to simulate one dimensional 
structure. 

During the experiments, recording of the E/M impedance real part 
spectrum with the HP 4 1 94A Impedance Analyzer was performed 
in the 1 - 1000 kHz. When necessary, frequency zoom was 
employed. To approximate the free-free boundary conditions, the 
beams were supported on common packing foam. The beam 
natural frequencies were identified from the E/M impedance 
spectrum. The results are given in Table 3, "Exp." columns. In 
parallel, theoretical impedance spectrum was predicted using the 
method described by Giurgiutiu and Rogers (2000). The peaks in 
these spectra were identified and recorded. The theoretical 
analysis (Giurgiutiu and Rogers, 2000) indicates that these 
frequencies should be identical with the basic beam resonances, 
as predicted by classical vibration analysis (Inman, 1996). This 
was numerically confirmed using a MathCAD-coded simulation 
program. Free-free boundary conditions, and the associated mode 
shapes and frequency expressions (Inman 1996) were used during 



the simulations. The predicted first 6 resonances for flexural 
vibrations are shown in the "Theory" columns of Table 3. It 
should be noted that the errors are small, and within the range 
normally accepted in experimental modal analysis. When the 
beam thickness was doubled, the frequencies also doubled. This 
is consistent with theoretical prediction. However, the error 
between theory and experiment seems larger for the double 
thickness beam, which may be caused by the compliance of the 
adhesive layer used in the construction of the double thickness 
beam. Even so, the confirmation of theoretical predictions by the 
experimental results is quite clear. 
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Figure 16 Experimental and calculated spectra of frequencies for 
single thickness narrow beam. 

The effect of beam width is demonstrated by comparison of 
"Narrow Beam" and "Wide Beam" columns in Table 3. The 
experimental results indicate cluster of frequencies, which move 
to higher frequencies as the width of the beam is reduced. We 
associate these clusters with width vibrations, which are not 
covered by the simple l-D beam theory. The width vibrations are 
also influenced by the thickness, i.e., they shift to higher 
frequencies as the thickness is increased. This is also noticeable 
in Table 3, which shows that the lowest cluster appeared for 
single thickness wide specimen and the highest cluster for double 
thickness narrow beam, Another important aspect that needs to be 
noticed is that the first axial mode of vibrations is at 25 kHz. This 
explains the ~25 KHz double frequencies observed in the single- 
thickness beams, both narrow and wide. An example of the actual 
impedance spectra is given in Figure 16. The calculated and 
measured results are shown superposed (to fit into same graph, 
selective scaling was applied). Since these graphs refer to single- 
thickness beams, the first 5 flexural resonances are contained in 
the I - 20 kHz range. For the first 4 modes, the predicted and 
measured frequency values almost superpose. For the 5 lh mode, 
there is a slight difference. This proves again that the predicted 
and measured results are in close agreement, well within the 
tolerance normally expected from experimental modal analysis. 

PLATE EXPERIMENTS 

Since aircraft structures are 2-D plates and 3-D shells, the 1- 
D results described in the previous section, though highly 
relevant to promoting the understanding of the E/M impedance 
method, could not be directly transitioned to aging aircraft 
investigation. Hence, a series of experiments on thin-gage 
Aluminum plates were planned and conducted. Twenty-five plate 



specimens (100-mm square, 1-mm thick) were constructed from 
aircraft-grade aluminum stock. Each plate was instrumented with 
one 7-mm square PZT active sensor placed at its center (Figure 
17). The previously described sensor installation procedure was 
employed. Thus, a sample of 25 nominally identical plate 
specimens were obtained. Data was taken on 5 of these identical 
specimens using the HP 4194A Impedance Analyzer. 




Figure 17 Thin-gage aluminum plate specimens (100-mm square, 
1-mm thick), with centrally located piezoelectric sensors. 
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Figure 18 (a) E/M impedance spectrum around the 6 th plate 
resonance; (b) bell-shape statistics for 5 plates. 

During the experiments, the specimens were supported on 
commercially available packing foam to simulate free-free 
conditions. Thus, plate resonance frequencies could be identified 
from the E/M impedance real part spectra. Figure 18 presents a 
typical case for the identification of the 6 th plate frequency. 
Superposed in Figure 18a are the spectrum peaks from 5 identical 
plates. It can be appreciated that they fall in a narrow frequency 
band, with mean and standard deviation values of 9.952 kHz, and 
±0.577%, respectively. The corresponding bell-shaped statistics is 
given in Figure 18b. Similar results were also obtained for the 
higher frequencies. The resonance-frequency data was statistically 
processed, and the mean and standard deviation of each 
resonance frequency were computed (Table 4). Since rectangular 
plates do not have closed form solutions for natural frequency 
calculation (Inman, 1996), no theoretical predictions were 
performed, and no theoretical data could be inserted in Table 4 
for comparison with the experimental data. However, analysis of 
the experimental data presented in Table 4 indicates that 
frequency identification of thin-gage metallic plates using the 
E/M impedance method and PZT active sensors can be achieved 
consistently and with a good repeatability. The E/M impedance 
method is more convenient to use than traditional modal analysis 
methods that require separate instrumentation for excitation (e.g., 



impact hammer) and recording of structural response (e.g., 
accelerometers). The embedded PZT active sensors are much 
smaller size, un-obtrusive, and can be permanently attached to the 
structure, thus permitting in service structural health monitoring. 

EXPERIMENT WITH AGING AIRCRAFT PANEL 

Realistic aerospace panel specimens containing simulated 
crack and corrosion damage representative of aging-aircraft 
structures, designed and constructed at Sandia National Labs 
(Giurgiutiu et ai y 2000), were instrumented with PZT active 
sensors and subjected to E/M impedance evaluation. The results 
obtained during the present investigation were compared with 
previous results (Giurgiutiu et al t 2000) obtained during 
investigations in which standardized sensor fabrication and 
installation procedures were not yet available. The sensors were 
applied to the simulated aircraft panels to detect the change of 
E/M impedance spectrum induced by the proximity of a simulated 
crack. Figure 19 shows sensors installation: the sensors are placed 
along a line, perpendicular to a 10-mm crack originating at a rivet 
hole. The sensors are 7-mm square and are spaced at 7-mm pitch. 
E/M impedance readings were take of each sensor in the 200 - 
2600 kHz range. Figure 20 shows the frequency spectrum of the 
E/M impedance real part. The spectrum reflects clearly defined 
resonances that are indicative of the coupled dynamics between 
the PZT sensors and the frequency-dependent pointwise 
structural stiffriess as seen at each sensor location. The spectrum 
presented in Figure 20 shows high consistency. The dominant 
resonance peaks are consistently in the same frequency range, and 
the variations from sensor to sensor are consistent with the 
variations previously recorded in the simple plate experiments. 
These observations indicate that the sensor fabrication and 
installation methodology has achieved a high degree of 
repeatability and consistency, which represents an important step 
forward from the. scattered results obtained with the unrefined 
sensor fabrication/installation reported by Giurgiutiu et ai 
(2000). 




Figure 1 9 Piezoelectric sensors installed on the aircraft panel with 
aging damage simulated by a 10-mm crack originating 
from a rivet. 

Examination of Figure 20 indicates that, out of the four E/M 
impedance spectra, that of sensor 1 (closest to the crack) has 
lower frequency peaks, which could be correlated to the damage 
presence. However, this argument is not entirely self-evident 
since the spectra in Figure 20 also show other sensor-to-sensor 
differences that are not necessarily related to the crack presence. 
In order to better understand these aspects, further investigations 
were performed at lower frequencies, in the 50 - 1 000 kHz range 
(Figure 21). In this range, we can identify changes due to the 



crack presence as features in the sensor 1 spectrum that do not 
appear in the other sensors. For example, sensor 1 presents an 
additional frequency peak at 1 14 kHz that is not present in the 
other sensors. It also shows a downward shift of the 400 kHz 
main peak. These features are indicative of a correlation between 
the particularities of sensor 1 spectrum and the fact that sensor 1 
is placed closest to the crack. However, at this stage of the 
investigation, these correlations are not self evident, nor are they 
supported by theoretical analysis and predictive modeling of the 
structure under consideration. For these reasons, we conclude that 
further investigations are required to fully understand the 
correlation between the spectral features of the E/M impedance 
response and the presence of structural damage in the sensor 
vicinity. Both further signal processing and adequate modeling 
(e.g., with the dynamic Finite Element Method) are needed. 
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Figure 20 Real part of impedance for sensors bonded on aging 
aircraft structure (200-2600 kHz range). 
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Figure 21 Real part of impedance for sensors bonded on aging 
aircraft structure (zoom into the 50-1000 kHz range). 



CONCLUSIONS 

The work reported in this paper has shown that unobtrusive 
permanently attached PZT active sensors can be successfully used 
to identify the intrinsic dynamics of a structure through the 
examination of the recorded E/M impedance spectrum. The 



advantages of this approach over traditional structural 
identification methods (e.g., impact hammer/accelerometer 
combination) are self-evident and need not be elaborated upon. 

A methodology for the fabrication and installation of PZT 
active sensors on metallic structures typical of aging airframes has 
been developed and validated through statistical tests. 

Experiments on small steel beams instrumented with PZT 
active sensors have shown that the E/M impedance method is 
capable of accurately sensing the structural dynamics. The 
measured results compared well with theoretical predictions. 
Frequency increase with thickness reduction was experimentally 
confirmed. This observation could be directly used in the 
detection of corrosion damage in metallic structures, and of 
disbonding/delaminations in adhesively bonded and composite 
structures. 

Experiments conducted on a statistical lot of thin-gage 
aluminum plates instrumented with PZT active sensors have 
proven that the sensor fabrication and installation procedures, 
reported in this paper, are sufficiently refined to give consistent 
and repetitive results on aircraft grade material. 

Experiments on aircraft type panels using an array of PZT 
active sensors indicate that the sensor fabrication and installation 
methodology has achieved a high degree of repeatability and 
consistency, which represents an important step forward from the 
scattered results obtained with the unrefined sensor 
fabrication/installation reported by Giurgiutiu et al. (2000). The 
effect of simulated damage in the form of a 10-mm crack was 
noticed as a left shift in the natural frequencies for the sensor 
closest to the crack, and the appearance of a new frequency peak 
at around 114 kHz. However, complete understanding of the 
relationship between the sensor location and the changes in the 
E/M spectrum has not yet been fully achieved. Further efforts 
consisting in advanced signal processing, identification of 
spectrum features that are sensitive to the crack presence, and 
adequate modeling and simulation (e.g., via the dynamic Finite 
Element Method) are needed. 
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AUTOMATION FOR NONDESTRUCTIVE INSPECTION OF AIRCRAFT 
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Abstract 



We discuss the motivation and an architectural framework 
for using small mobile robots as automated aids to 
operators of nondestructive inspection (NDI) equipment. 
We review ' the need for aircraft skin inspection, and 
identify the constraints in commercial airlines operations 
that make small mobile robots the most attractive 
alternative for automated aids for NDI procedures. We 
describe the design and performance of the robot (ANDI) 
that we designed, built, and are testing for deployment of 
eddy current probes in prescribed commercial aircraft 
inspections. We discuss recent work aimed at also 
providing robotic aids for visual inspection. 



Our goal is to replicate and enhance the capability of 
aircraft skin inspectors who use hand-held instruments 
(and their own senses and intelligence) to detect and 
classify flaws in aging aircraft. Our underlying concept is 
to use mobile robots, automated control, and automated 
interpretation of sensors and instruments to make difficult 
measurements in difficult environments. Potential 
application area include not only airplane skins, the 
subject of this paper, but also problems such as bombs in 
luggage, contraband in cargo containers, verification of 
disarmament treaty compliance, characterizing 
environmentally contaminated sites, and a variety of 
manufacturing problems, e.g., measuring composition 
gradients in large process tanks, transportation problems, 
e.g., bridge inspection, and scientific research problems, 
e.g., checking the ki&grky, alignment, etc, of large 
instruments such as radio telescopes and particle 
aesetemtors. These few examples just begin to suggest 
the universe of potential application areas and specific 
A general hierarchical paradigm for 
the common issues of measurement, 
manipulation, mobility, and monitoring characteristic of 
all these problems is illustrated explicitly for the aging 
aircraft problem in Figure 1 . 
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Figure 1: The 4M-s of automation 
for aircraft inspection. 

II. Inspection of Ag ing Aircraft 

Aircraft skins inflate and deflate with each cycle of 
pressurization and depressurization. The resulting stress 
causes several kinds of damage, primarily radial cracks 
around rivets, delamination of skin joints, and subsurface 
cracks in the structural members to which the skin is 
attached. Delamination is exacerbated by corrosion, 
which is particularly prevalent in warm moist climates. 
Cracks and corrosion, accelerated by island-hopping 
operation, resulted in April 1988 in a large section of skin 
tearing off the top of the fuselage of an Aloha Airlines 
Boeing 737. The resulting press coverage of the 
airplane's seemingly miraculous safe landing brought 
these problems prominently to the attention of the public, 
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and resulted in an aggressive prevention, detection, and 
remediation program by aircraft operators in close 
cooperation with each other, the aircraft manufacturers, 
and the FAA 1 ' 2 ' 3 . Structural effects of aging in other 
areas, such as engines, fuel tanks, landing gear, etc, 
possibly will be the subjects of future automation 
research, but for the present our program is concentrating 
on skin and the immediate supporting substructures. 

Through programs of periodic inspection of known 
problem areas on each aircraft type, skin cracks and 
corrosion are typically found well before they reach 
hazardous size. The problem areas are specified by 
"service bulletins" issued by aircraft manufacturers, and 
by "airworthiness directives" issued by the FAA. 
Compliance with airworthiness directives is mandatory. 
Compliance with service bulletins is at the airline 
operators discretion, but we are told that in practice they 
are treated as mandatory. 

About 90% of skin inspection is visual, by inspectors 
trained for the task, most of the remainder is by eddy 
current probes, and a fraction of a percent is by other 
instrumentation of which the best known is probably 
ultrasonic. Our program is focused in its initial phases on 
automation as an aid to skin inspection using eddy current 
probes. Initially we will use machine vision to aid probe 
placement and robot navigation and to update the 
navigation database with descriptions of patches and other 
deviations from "as designed". We are beginning to 
investigate automated aids to visual inspection via a new 
program in which a small limited functionality robot will 
be used deploy 3D-stereoscopic cameras. Working with 
experienced visual inspectors, we will evaluate the 
acceptability of computer aided remote (teleoperated) 
visual inspection. 

Eddy Current Inspection 

The eddy current method 4 uses a transmitting coil and a 
receiving coil (they may physically be one coil) coupled 
electromagnetically through the metal under inspection. 
Eddy current probes vary in tip area from several square 
centimeters to about one square millimeter, obviously 
trading off decreasing areal coverage for increasing 
sensitivity to small flaws as the size decreases. 
Anomalies in the impedance that characterizes the 
coupling indicate cracks, corrosion thinning, and other 
flaws. Inspectors generally watch an x-y oscilloscope 
display whose x-axis represents the in-phase (resistive) 
part of the impedance and whose y-axis represents the 
quadrature-phase (inductive or capacitive) part of the 
impedance. Figure 2 illustrates a probe, and Figure 3 
illustrates typical impedance plane signals. The 
inspectors compare patterns traced out on the screen when 



the probe is passed over a potential flaw with the pattern 
traced out when the same probe is passed over a 
calibration standard manufactured with a machined flaw 
in the simulated local structure. The probe geometry, 
operating frequency, scan path, etc, are chosen to 
optimize sensitivity to each anticipated flaw. High 
operating frequencies are attenuated in a short distance, 
and thus probe only the surface. Low operating 
frequencies penetrate deeper, and in some geometries can 
penetrate the skin entirely and probe for cracks in the 
supporting framework. Under typical operating 
conditions power levels are sufficiently low that the 
method is extremely linear, so it is possible to operate a 
probe with a composite multi-frequency transmitted 
waveform and to separate electronically the high- 
frequency surface-sensitive received signal components 
from the low-frequency substructure-sensitive 
components. 




Figure 2: "Reflectance" or "pitch-catch" 
eddy current probe. 

Modern eddy current systems can be set to alarm on 
traces that enter or fail to enter preset rectangular 
windows in complex impedance space. Initially we will 
rely on these alarms to alert the inspector to potential 
flaws indicated by anomalous signals. These areas will be 
marked for easy identification by the inspector, e.g., by 
daubing suspect rivet heads with a washable paint. 
Pattern recognition integrated with rule based systems is 
an accepted method for automating interpretation and 
classification of eddy current signals in other applications, 
e.g., inspection of heat exchanger tubes in nuclear power 
plants 5 . Neural network methods have been similarly 
successful Th""5TmitHT~- applications 6 . As the program 
progresses we will add additional software to implement 
promising approaches to automated and improved eddy 
current signal interpretation and classification. 




Figure 3: Eddy current signals 

in the complex impedance plane. 



HI. Automated NonDestructive Inspector 

We considered many approaches to automation-assisted 
eddy current probe deployment, with three primary 
variants: the gantry-based "car wash", the vehicle-based 
"cherry picker", and the self-contained "window washer". 
The pros and cons of these alternatives have been 
discussed in detail elsewhere 7, 8> 9 > 10 > n » 12 > 13 > 14 » 15 ; in 
summary, the "window washer" design that we eventually 
chose for the system is dictated by the pragmatics of 
fitting NDI nondisruptively into the flow of passenger 
aircraft maintenance operations. These constraints 
suggest a small (under one meter maximum dimension) 
mobile platform that is able to walk or crawl over most if 
not all of the aircraft skin, whatever its orientation. This 
capability we achieve with active (vacuum assisted) 
suction cups. A concept sketch for the resulting robot 
(ANDI, the Automated NonDestructive Inspector) is 
shown in Figure 4. It is not the easiest approach, but it is 
the most acceptable, and incidentally it is the approach 
that requires the most interesting enabling research. 

Cruciform Design 

Because there is generally more fore-aft than 
circumferential inspection path, the robot is designed with 
a cruciform geometry that enables it to move along fore- 
aft paths most rapidly; this results in a design in which it 
moves on circumferential paths somewhat more slowly, 
and in skew directions adequately, but a bit awkwardly. 
The mechanical design is sketched in Figure 5 and shown 
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Figure 4: Concept sketch for ANDI. 

close-up (with eddy current probe in the foreground and a 
graphical depiction of the probe output on the computer 
monitor screen in the background) in Figure 6. It has 
many features in common with the class of mobile robots 
known in the literature as "beam walkers" 16, 17 . However 
unlike most beam walkers our robot is able to side step 
almost as easily as it can walk forward or backward. The 
two cross members ("bridges") are normally locked at 
right angles to the main longitudinal member ("spine"), 
but they can be released to pivot freely by about 15° in 
either direction; this permits the robot to steer and thus to 
travel along paths that are neither strictly fore-aft nor 
strictly circumferential. Pneumatically actuated up-down 
degrees of freedom on the four suction cups at the ends of 
the bridges enable the walking motion, and another 
pneumatic actuator enables the raising and lowering of the 
eddy current probe. The sliding motions of the bridges 
along and perpendicular to the spine are actuated by 
electric motors. 




Figure 5: Mechanical features of ANDI, 

showing four camera mounting points. 




insufficiently agile to deploy the eddy current sensor in an 
effective pattern, e.g., perhaps around doors, windows, 
^repair patches, etc. Our goal is to demonstrate what 
ANDI can do. We guess it can do something like 80% of 
the mandated and recommended eddy current inspections 
on DC-9 or Boeing 737 and larger aircraft. If ANDI 
proves its technical and economic worth in these 
applications, we are confident that we (and others!) will 
be able to design as many specialized mechanical end 
effectors as are needed to cover the applications ANDI 
cannot. 

A block diagram of the currently envisioned complete 
system is shown in Figure 7. 
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Figure 7: Block diagram of planned complete system. 



Figure 6: ANDI, showing eddy current probe 
and its signal on the computer monitor. 



Alternative Designs 

It is regrettably easy to confuse ANDI, particularly given 
its multiply anthropomorphic name**, with the much 
larger and more complex system of which it is essentially 
just the mechanical end effector. It is thus appropriate to 
emphasize explicitly that ANDI is just the first prototype 
mechanical end effector of a large and complex system 
(most of which is black boxes full of electronics and 
computers) that can accommodate many different end 
effectors. ANDI is designed to demonstrate the feasibility 
of using robots to assist inspectors of aging aircraft. But 
ANDI is not the last end effector that will ever be needed 
for this task. There are places on an airplane skin where 
ANDI cannot adhere, e.g., sharply curved regions around 
the nose, tail, and leading and trailing edges of the wings 
and horizontal and vertical stabilizers. There are places 
where ANDI can adhere but may turn out to be 



Special Purpose Actuators 

Our initial eddy current sensor deployment demonstration 
is targeted on part of a mandated inspection on the 
fuselage of a DC-9 that uses a "reflectance" or "pitch- 
catch" probe with mechanically independent but 
electrically coupled transmit and receive coils. This 
particular inspection has both a surface crack and a 
subsurface crack component which we address 
simultaneously by composite dual frequency operation. 
The reflectance probe geometry is sensitive to integrated 
conditions over a fairly large patch of skin (a few square 
millimeters), so it is forgiving of small errors in 
placement relative to the rivets under examination. Under 
these circumstances it is adequate to deploy the probe 
with a simple up-down lifter mechanism and let it self- 
align with the skin under the influence of a constant-force 
spring. Another part of the planned demonstration 
inspection uses a "pencil" probe with a single coil that has 
a much smaller sensitive area. It must thus be placed and 
scanned more accurately, e.g., along a path that is 
tangential to each rivet, which may require closed loop 
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guidance. Another small but necessary part of the 
demonstration inspection requires moving a pencil probe 
completely around the circumference of several rivets. 
The more complex probe paths that this inspection 
component requires can in principle be achieved by 
coordinating the motions of bridge-along-spine and 
bridge-perpendicular-to-spine, but we anticipate that 
obtaining the necessary mechanical precision and 
simplicity of control may require adding some nominally 
redundant special purpose degrees of freedom, e.g., a 
rotary mechanism for precisely circumnavigating 
individual rivets. 



Path Control 

The path control system addresses mechanical positioning 
of the eddy current probe and the robot at four distance 
scales corresponding to the tasks of alignment, guidance, 
navigation, and path planning. 

Alignment means the relative position of the eddy current 
or alternative probe and the rivet or other component 
under inspection. The inspection protocol is predicated 
on the assumption that the probe will be moved along a 
precise short path relative to the part geometry. Signal 
classification can be done meaningfully only if this path is 
followed. 

Guidance means, for rivet inspection, moving the probe 
from one rivet to the next and arriving there in correct 
alignment. For other inspections, e.g., for corrosion 
somewhere along a skin joint, it means following the 
required inspection path. In this case it is differs from 
alignment only in distance scale. 

Navigation means coordinating walking and probe 
guidance so that an inspection that spans multiple robot 
steps proceeds smoothly and certainly. 

Path planning means being able to traverse as rapidly as 
possible, without inspecting, long distances between areas 
that require inspection. This is the scale at which 
collisions with undocumented parts of the airplane (e.g., a 
non-standard antenna), expected parts in an unexpected 
state (e.g., an access hatch left open during maintenance), 
and other maintenance equipment (e.g., a wrench left on a 
bolt head) are potentially serious problems. 

We expect to achieve the necessary position accuracy by 
dead-reckoning using high mechanical precision motion 
over short distances between map database landmarks and 
using machine-vision-based correction at each landmark. 
The obvious landmarks are the rivets themselves, each of 
which is in principle individually identifiable in the 
aircraft design database. The eddy current signals 
themselves then provide an additional and perhaps finer 
level of correction: misalignment signatures are 



recognizable and quantifiable, although some sign 
ambiguities would have to be resolved by active sensing. 
Skin joints and skin joint intersections provide additional 
landmarks. They are particularly appropriate for 
navigation and path planning, in contrast with the rivets, 
which are particularly appropriate for alignment and 
guidance. Skin joints are farther apart than rivets, a 
disadvantage in terms of dead-reckoning error 
accumulation, but their existence is more consistent from 
airplane to airplane (of the same type) since their 
locations are less likely to be changed by modifications 
and repairs. The skin joints and skin joint intersections, 
referenced in terms of the underlying longeron (or 
stringer) and spar (or body station) identification 
numbers, are in fact the features in terms of which 
mandated and recommended inspections are defined. 

In principle the map databases are all on-line at the 
factory for as-designed and as-built, and on-line at the 
hangar for as-modified andja^rjy^ajred.. In practice the 
data are still on paper for all aircraft except the generation 
now in gestation, e.g., the Boeing 777, and we expect we 
will have to use ANDI to bootstrap populating its own 
map and exception database. 

Vision System 

ANDI will have at least four cameras in the alignment, 
guidance, navigation, and path planning system. Cameras 
will also have roles in visual flaw detection, but not until 
a later phase of the program. 

MggTP ..Cgrogr a 
The first camera will be mounted on the same platform as 
the eddy current probe, with a macro capability giving it a 
field-of-view of approximately one rivet. It will be used 
for fine alignment and for the inspector's visual 
observation of the appearance of the rivet and the adjacent 
skin at high magnification. In some inspections that 
require precision probe alignment the alignment control 
loop may incorporate the eddy current sensor signal as 
well. In later phases image understanding will be 
incorporated for visual flaw detection, and possibly as an 
adjunct to eddy current or other NDI probes. For 
example, a particular eddy current probe that has a 
radially symmetric field geometry may sensitively 
indicate the presence of a radial crack, but will obviously 
be blind to its orientation; it may then be useful to use the 
high magnification camera to find its orientation. 



Alignment Cameras 

The second and third cameras, each with medium 
magnification fields of view of about 10 cm x 15 cm, or a 
line of four to six rivets, will be mounted at the head and 
tail of the spine. These cameras will be used to locate line 
segments of rivets. A robust best-fit 18 to the head and tail 
line segments will guide the eddy current sensor along a 
scan line. This guidance functionality is required early, 
so these will be the first cameras installed on ANDI. 
Guidance is actually required before alignment, because 
the initial eddy current probe is of the "pitch-catch" or 
"reflectance" type, which is sufficiently tolerant of 
misalignment that little alignment (fine adjustment about 
the guidance line) is likely to be needed. The imagery 
from these cameras will also be made available to the 
inspector for opportunistic flaw detection of, for example, 
lightning holes and small dents. As in the case of the high 
magnification camera, automation of the flaw detection 
role for these cameras will come in a later project phase. 
However, we have already made substantial progress 
prototyping the computer vision based automation of the 
alignment function. Several rivet finding algorithms have 
been tried, including edge detection followed by region 
growing, gray level variance, and a trained neural 
network, yielding the general conclusion that even with 
uncontrolled lighting, low contrast, and interference from 
specular reflectances, any scale-sensitive operator that has 
the actual rivet size hard wired into it will succeed. A 
conventional robust line-fitting algorithm based on 
minimizing the mean absolute deviation almost always 
correctly draws the desired line through three, four, or 
five rivets even for the most ghastly poor images. Early 
results are discussed and illustrated in the following 
section. 

The fourth camera, with an ordinary zoom lens's range of 
focal lengths and working distances, will be mounted on a 
motorized pan-tilt head high above ANDI's tail end. In 
the initial experiments, before general purpose navigation 
and path planning algorithms are in place, ANDI will be 
teleoperated between inspection stations. Thus the fourth 
camera will initially be the inspector's eye on the robot's 
actual configuration, possible interferences or collisions, 
sensible paths between inspection stations, and gross 
visual flaws, e.g., pillowing due to extensive subsurface 
corrosion. As the program progresses machine vision 
algorithms will increasingly use this camera for 
proprioception (visually confirming that the actual robot 
pose corresponds to the control system's model of the 
pose), collision avoidance and footfall decisions (new 
radio antennas, skin patches, or raised head replacement 
rivets will have to be found, avoided, and entered into the 
database), long distance path planning between inspection 



stations, and opportunistic detection of large flaws. 
Vision Based Alignment 

While there are important exceptions that we will 
eventually have to address, most of the time rivets line up 
neatly in evenly spaced rows and columns. ANDI is 
designed to take maximum advantage of this design rule: 
what ANDI can do most effortlessly and precisely is to 
scan an eddy current sensor along a straight line segment 
parallel to and almost the full length of its spine. The 
essential alignment problem is thus to align the spine 
parallel to the line segment under inspection. The 
approach we are developing is to best-fit visually a short 
line segment near each end of the spine, best-fit the long 
line segment to the two short line segments, and scan 
along the long line segment open loop unless the eddy 
current data show features that suggest the rivet line 
wiggles enough that transverse corrections are needed. 

On the assumption that if a computer vision algorithm 
works well with terrible looking images it will probably 
work better with better looking images, we developed our 
approach on a sequence of images that we collected with 
uncontrolled lighting, uncontrolled surroundings (which 
are obvious in specular reflection), poorly controlled 
camera standolf from the riveted surface (a test panel with 
a radius of curvature and other features comparable to a 
Boeing 737 or DC-9), and a consumer grade 8 mm 
camcorder camera that we scanned over the test panel by 
hand. We digitized to 8 bits x 3 colors about 80 frames 
grabbed from the tape at about 1.5 sec intervals. Each 
frame was digitized into 480 pixels x 512 lines x 3 colors, 
then averaged in 8 x 8 blocks into 60 pixel x 64 line x 3 
color working images. At the lowered resolution the rivet 
line segment finding pipeline runs at approximately real- 
time (1.5 sec/frame) on a workstation. With the camera 
parameters and resolution we used, rivets are circular 
blobs that generally fit into a 7 x 7 block. A typical 
frame, with gray levels computed by averaging the RGB 
values, is shown in Figure 8. 

Conventional Algorithm 

As mentioned in the previous section, finding rivets is 
easy even when the images are as ugly as this one: any 
sensible operator with a scale length matched to the rivet 
size works fine. Under these circumstances a useful 
strategy is to choose an operator that rarely misses a real 
rivet even at the price of occasionally finding a false rivet, 
provided that one or more downstream modules can be 
tailored to reliably reject false rivets. Finding all real 
rivets plus some non-rivets we can in fact do with a 
Canny edge detector 19 . Next we observe that specular 
reflections, the main potential source of false rivets, look 
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IV. Visual Inspection 

As mentioned earlier, close to 90% of aircraft inspection 
is visual; our choice of eddy current inspection for the 
first demonstration of automation to aid aircraft inspectors 
was driven by the relative simplicity of automating 
deployment of eddy current probes (and NDI probes in 
general) in comparison with visual inspection. Unlike 
NDI, where the goal is usually to detect a flaw whose 
location and nature is known in advance (from previous 
experience or from computer modelling), visual 
inspection has a substantial opportunistic component. 
The visual inspector's goal is to find not only the 
anticipated failures, but "everything else" as well: dents, 
lightning strikes, and other kinds of damage of an 
unpredictable nature in unpredicatable locations. The 
open-ended quality of this task makes it an unlikely 
candidate for a level of automation approaching the level 
we are planning for NDL 

However discussions with airline management and NDI 
inspection . personnel suggest that an integral visual 
inspection capability may be perceived as an 
indispensable component of any economically viable 
system of automated aids to NDL 

In response to this perception, a mobile end-effector like 
ANDI does suggest itself as a teleoperable platform from 
which ground-based visual inspection might efficiently be 
conducted. If this could be accomplished, it would be 
valuable for many of the same reasons that ground-based 
NDI is valuable: reduced set-up time, human-factors 
issues of inspector performance in a difficult 
environment, inspector safety, database access, data 
archiving, etc. The question is whether remote cameras 
can provide sufficiently high quality (presumably 
meaning primarily high resolution) imagery to satisfy the 
notoriously fussy (we are comforted to say) visual 
inspectors. We recently began a program whose goal is to 
answer this question. This program combines elements of 
the FAA-sponsored ANDI project with salient elements 
of an ARPA-sponsored project in 3D-Stereoscopy 
Technologies for image and graphics visualization. 

One of the costs of human inspection is attributable to the 
difficulty of safely getting the inspector to the right place 
on the airplane: it involves erecting scaffolding, providing 
safety harnesses, etc, all of which can take more time than 
the inspection per se. ANDI can be placed on an airplane 
fuselage at human chest level, and directed to move to 
any area requiring inspection without erecting scaffolding 
and without endangering the human inspector. Thus even 
a teleoperated capability, with only the most rudimentary 
elements of automation (e.g., computer coordination of 
gait), could permit the inspector rapidly and safely to 
perform the necessary visual inspections. With 



appropriately selected cameras and actuators thus could 
clearly be done at the required variety of points-of-view, 
magnifications, lighting conditions, etc. 

3D-Stereoscopic Vision 

We are particularly interested in the prospect of providing 
the visual inspector with binocular 3D-stereoscopic 
vision. Stereoscopic perception appears to be important 
to the visual inspectors who we have observed on the job. 
We speculate that this may be because of its importance 
both in perceiving and in rejecting the effects of specular 
reflection off the mirror-like aircraft skin. Specular 
reflection appears to be important to inspectors looking 
for the presence or absence of specific flaws: they often 
move their heads and lights as the look for an expected 
tell-tale glint. Specular reflection is particularly apparent 
in binocular 3D-stereoscopic imagery because the sharply 
directed reflection appears much brighter in one or the 
other image, in contrast to the diffuse reflections, whose 
intensities are evenly balanced in the two images. [For 
this reason waterfalls and fast running streams, which are 
notoriously difficult to photograph (and paint) well, look 
spectacularly realistic in 3D-stereoscopic imagery.] 
Furthermore, the depth perception provided by 3D- 
stereoscopic imagery also makes it easy to reject artifacts 
of the environment that are reflected by the aircraft skin. 
Without depth perception it is impossible to know (except 
by high-level knowledge of the context) whether features 
of the imagery are in the skin or in the environment and 
seen in reflection. With depth perception, image features 
that are not in the plane of the skin can be rejected 
straightforwardly, even automatically. 

The components required in a 3D-stereoscopic system are 
(1) a matched pair of cameras (analogous to the human's 
two eyes), (2) suitable and suitably controllable lighting, 
and (3) a display that is capable of directing the image 
corresponding to the right camera to the operator's right 
eye and the image corresponding to the left camera to the 
operator's left eye. There is no ideal way to accomplish 
(3). Special video taping equipment is also needed if the 
imagery is to be recorded. A variety of commercially 
available solutions have pros and cons that we are 
evaluating in context of the visual inspection application. 
Available solutions include frame, field, and subfield 
sequential methods with active shuttering eyewear, field 
and sequential methods with interline-polarization and 
passive eyewear, and "virtual reality" approaches using 
head-mounted displays. We have one subfield sequential 
and one interline-polarization system operational, so will 
conduct our initial experiments with these systems. 

We are building for these experiments a simple mobile 
manipulator that will move over an airplane panel test 



surface according to the inspector's instructions mediated 
by a computer that will support a suitably high-level 
interface. A simple mobile manipulator (in contrast to 
ANDI) will suffice because (unlike ANDI) it will have to 
operate, for these evaluation experiments, only on a more- 
or-less horizontal surface. 
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Abstract— Currently under development by the Federal Aviation Administration (FAA)» the Safety 



Performance Analysis System (SPAS) will contain indicators of aircraft safety performance that can 



identify potential problem areas for inspectors. The Service Difficulty Reporting (SDR) system is one dauf 
source for SPAS and contains data related to the identification of abnormal, potentially unsafe conditions 
in aircraft or aircraft components/equipment. A higher expected number of SDRs suggests a greater 
possibility of a maintenance problem and may be used to alert Aviation Safety Inspectors (ASIs) of the 
need for preemptive safety or repair actions. 

The preliminary SDR performance indicator in SPAS is not well defined and is too general to be 
of practical value. In this study, an artificial neural network model is created to predict the number of 
SDRs that could be expected by part location using sample data from the SDR. database that have been 
merged with aircraft utilization data. The predictions from the neural network models are then compared 
with results from multiple regression models. The methodological comparison suggests that artificial 
neural networks offer a promising technology in predicting component inspection requirements for aging 
aircraft. 




USING NEURAL NETWORKS TO PREDICT COMPONENT 
INSPECTION REQUIREMENTS FOR AGING AIRCRAFT* 

HUAMJYH SHYUR," JAMES T. I.UXHOJ' andTRPFOR P. WILLIAMS' 

'n^jwircinu i*r Ualir»:rul E**lixxt*«jt and 'Dcptrmtcm uf Civil Crtfln erring. ftytj«ri* tirmcriiiv. 
PO, Sok 9Mi PiSiSilMwkv, Nt CfSSSJ-WW, I SA 

<iLht»*e r~ -Ossreni 1 y jaede* <dc**£apfneM by Ac Federal Avu&en Admin isira ugh |(PAAK lb* Safeiy 
Pvt li rmirtct: An*Mu S^iem >|!iPA5( will ecwuhi uulteaw* of swcrifH **fsif performance ilui ck*i 
kknlify pittetttml fuiabkin art** lot iss^ecKWV TV Strsii* DiffieuU^ Jlcpaftt£#.4SDR) ty*l«n i* <utt i1*U 
*wht SPAS ami cmrifnPMUbi relttdd W the i&rgifcj***; uf fctetfcnwl, pnTciiliiirr^i wrote ivinlili(»t< 
in jjr*rj*l rr tftTPfaf! (WTrr^m^'ci-arpmcTU A, hifhrr pec In I number *if 5DR> tfuggcrt* # greilrr 
poMiNNly of J CGaintuiimce prabkw n«J srsiy ha u«*J akr* *,wiiicn Safei? In?!*?"?' nrMASli! o^e 
n«d ffir prwHip!?*^ »frty er npwr Ktiprr* 

Ths pr«L^inar> SDR perform snae ireSc-star in SfAS h nc*. «*t\\ denned i«d » to* general be 
or prodigal talue. in -.hu study, jlb crtjcjI reund network rsodd ft created w predbct lbs aamber of 
SDR* l'Lii couVl fce e*p««ad by pan Socuiioa \i£ttt$. amsAt &*r* lr*fn the SDR. database- rS*ii bj« bean 
i»;t»tii with aircraft utili/ari&s; dai&. The pr*dlctli>tn f(Mt. stit dentil fcflviui mad Hi sire lliiii cutaiviretl 

nnin! urtwwkt nfle* h ptvmiMtig -SechtNilcgy jrnlirling aiinptvnrzil rrvprt^-rn Fcijuirrc*ic-J"\ for apu^ 



lar^c scale wrv-icc 4iy5t«m^ mjc^i us n>r «rvd jfurfn^ truns-pori svit-ffms. itqvns well <?«ijjn«l 
miivnien.inor nranngemeni pTognsms effect ively compete in & jrfohol economy. These reparrnble 
^)^LeirlK arc «4ihjcct to agjng meckanism^ such wear, fatigue, creep and ennrmian, 
fo&ptCfign ami tliagriiMCic acii\*iiits arc inlcgntl Corti-tKincrila of aji eCcclxve mairtteiianc* ttnsltcy 
in an Attempt to cfi&ufe system safety, rel^bOScy and! availability. 

Due to the sipificamt powth in the ntimlxf of aircraft m r^ic U,S., there is an increasing number 
of xtnie^ntl cpm|wnenh for the Fedeml Aviation Admrm<?ration (PA A) ta rn<wiitor, Them w n 
naeel !ck fS«%«cl«t|? new ttJtrhns^wex for ?n»linttoitimg jurwoclhiitet*. of aging, airensfl arvi for improved 
mctlM>ds for aiccura^c prediction of residual hk of rq>al?«l structures. The u&e of new psvdiciion || 
metKcwi«. «yeh as; a.rtifici*l neural nc*.«A3rkt r may prot e u?eTu5 lor forecasting -o-f rcmo^il &tt>d 

ifispec:i<?n d?i?e5 for ai^rafi ine5 4 as5«r?b1ics and comnorwRfi. 
The Safety Perfarmasioe Ann^yn^ System (SPAS) fc cwrr?raly under ^"elijp^ieRi by the FA A, will 

he an analytical Lix>l <t<:signed Ld support A^iiliim Safety Inspoclorx (ASK) (I, 2] and will contain 
indicator* ^ safety petfcmiaf!££ Hhai airi ii Jt:al rxiieritial problem areas fot ififtp^ctar axiMikrulidn 
[3-5]. ft vfcili alio enable inspectors to access cxiitmg FAA d^ta sources in a tinw'y manner, srvd 
will Tunciion us u decision support tool to assis; inspectors in identifying airtines and or aircraft 
tha! present ^ greater wsletv risk and warninl further suTvei1!ar<:e 
i;| The Flight Standards Intorniaison Syitem (FSIS) «. a conipTfrhen^ve program that enntainx an 

Fltghi: Standards auiornatioo clTons. SPAS and Plijltt S^andardt AuUMttaclofl are cornjmflcnw of 
FS[S. The SPAS Project Management Plan **ai propped in Starch 1991 . SPAS ii a novel research 
progrnrr- Tot TAA ?rvjp«;iion fictivitks, wr*«- it win in?cp-»?c -data rclatinje lo *ir ^pcr*«;or. *ir 
agfiuSes. aircraft types and jwrtonnel att<l slisfb ^way froitt the current us* nf dwrcraraiiitai 
liatahsses. 



*Vh\* mide it ha*ed $c& rtseimS p<rfDns:*»3 el Itatyrn University. Ihi wnients ol ibis paper ft Sect the ^ie* of the i»it&c<i 
«ho if« solelj rejpcnsibJe for ihe wr-irucy of ihe f^cct anaiyses. oend us*o«s. cni rec^aaneijdatmrA pstsinied herein. 
and do not nectuMnty rrrtea the c^ficit nr«» r*r pM-e* nl ihe fe^ifrs! ♦Xvation Admirif^tton. 



258 



Huan-Jyh Shyur et al. 



The FAA has established a Center for Computational Modeling of Aircraft Structures (CMAS) 
at Rutgers University. One CMAS research project has focused on analyzing the contribution of 
the Service Difficulty Reporting (SDR) database to SPAS. The SDR subsystem contains data 
related to the identification of abnormal, potentially unsafe conditions in aircraft or aircraft 
components/equipment. The major objectives of this research project are: 

— To develop meaningful indicators that establish national air operator profiles for comparison 
purposes. 

— To identify national SDR trends and inputs to improve the FAA's surveillance system. 
— To provide guidelines for the efficient scheduling of FAA safety inspectors. 

A significant effort of SPAS is to develop safety performance indicators that will identify and 
define critical safety characteristics for airline operators. The 13 performance indicators that are 
currently defined in SPAS will assist in diagnosing an airline's safety profile compared with others 
in the same class. The preliminary SDR performance indicator in SPAS is too general to be of 
practical value. The result of this CMAS research effort is that more refined, specific SDR 
performance indicators have been generated. The tracking of performance indicators facilitates the 
identification of unfavorable trends, thus enabling a safety inspector to focus attention on airlines 
most in need of closer examination. Such heightened tracking enhances efficient scheduling of 
inspections under budgetary and staffing constraints. 

Models to predict the overall number of SDRs, and the number or SDRs for cracking and 
corrosion cases by aircraft type have been developed using both multiple regression analysis and 
neural networks. The "best" models from these two modeling approaches have been compared and 
are reported in Luxhoj et al. [6]. Neural networks have proven to be a very effective model-free 
regression methodology to predict the expected number of SDRs. For creating more useful safety 
performance indicators, this paper attempts to predict the number of SDRs that could be expected 
by part location based on the SDR database. This is the first step to construct an indicator to signal 
potential problem areas by component type for inspector consideration. These alert indicators can 
be used to define upper and lower control limits and to monitor adverse trends in component 
performance. Efficient inspection activities will facilitate timely aircraft maintenance and minimize 
the cost of aircraft unavailability. 

While it is true that prediction models for determining aircraft maintenance requirements could 
be based on simply forecasting aggregate failure rates by aircraft type for all planes repaired at 
the same depot or forecasting failure rates for each plane assigned to a different, regional repair 
facility, the primary purpose of the CMAS research focuses on the composite inspection activities 
of a regulatory agency. 

2. RESEARCH METHODOLOGY 

While there exist many prediction methods in the literature, this research focuses on two 
modeling approaches to develop more refined SDR performance indicators for aircraft component 
types: multiple regression and neural networks. Multiple regression represents a "classical" 
approach to multivariate data analysis while the emerging field of neural networks represents a 
"new" approach to nonlinear data analysis. Multiple regression is a general statistical technique 
used to analyze the relationship between a single dependent (predicted) variable and several 
independent (predictor or regressor) variables. Multiple linear regression produces a linear 
approximation to the data. Variable transformations allow, to some extent, the linear regression 
methods to handle nonlinear cases as well. However, such transformations may make the 
interpretation of the results difficult. One could always find a polynomial of higher degree that 
would give a perfect fit to a specified data set. However, this results in overfitting and an inability 
of the regression model to generalize. Also, regression models do not learn incrementally, and must 
be re-estimated periodically. 

Neural networks attempt to simulate the functioning of human biological neurons. Neural 
networks have been particularly useful in pattern recognition problems that involve capturing and 
learning complex underlying (but consistent) trends in data. Neural networks are highly nonlinear, 
and in some cases, are capable of producing better approximations than multiple regression which 
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Tabic 1. Sample SDR and ARS "merged" data [10) 

Estimated 



Aircraft 


SDR 


Part 


Part 


Part 


Estimated 


flight 


Estimated 


model 


date 


name 


location 


condition 


age 


hr 


landing 


DC9 


84-03-22 


Skin 


E + E compt 


Cracked 


17.74 


32,619.03 


53,999.20 


DC9 


84-03-22 


Skin 


Aft bag bin 


Cracked 


17.74 


32,619.03 


53.999.20 


DC9 


86-07-07 


Skin 


Fuselage 


Cracked 


20.03 


36,836.23 


60,980.56 


DC9 


80-06-20 


Skin 


Galley door 


Cracked 


13.24 


34,396.44 


33,888.77 


DC9 


81-12-01 


Skin 


FS625 


Corroded 


14.69 


38,160.55 


37,597.32 


DC9 


87-05-11 


Skin 


RT wheel well 


Cracked 


20.14 


52,299.10 


51,527.19 


DC9 


87-05-11 


Skin 


STA 580-590 


Cracked 


20.14 


52,299.10 


51,527.19 



produces a linear approximation [7-9]. However, as noted above, variable transformations do 
allow, to some extent, the regression methods to handle nonlinearity. Neural network learning 
supports incremental updating and is easier to embed in an intelligent decision system since batch 
processing is not required. While neural networks offer an alternative to regression that will learn 
functional relationships among variables to predict an outcome measure, neural network outcomes 
lack a simple interpretation of results. For instance, the modeling technique does not provide 
objective criteria to decide what set of predictors is more important for the prediction. Neural 
networks may also suffer from overfitting of the data and lack of prediction generality. The 
limitations of neural networks with respect to outliers, multicollinearity and other problems 
inherent in real world data have received scant attention. 

Knowledge of the expected numbers of SDRs by aircraft component type will have value to 
Aviation Safety Inspectors (ASIs) when attempting to efficiently schedule field inspection workload 
requirements. Moreover, the identification of unfavorable inspection trends will enable the FAA 
to specify that the airlines take preemptive maintenance measures. 

2 1. Data description 

The CM AS research team was provided with a subset of the SDR database that had been merged 
with the Aircraft Utilization (ARS) database. This merged database was created by Rice [10] and 
consisted of 1308 observations for the DC-9 aircraft for the period April 1974 to March 1990. 
Table 1 displays sample data. Estimated flight hours and estimated landings are derived values 
based upon the original delivery date of the first operator, the date of the ARS data reference and 
the SDR date. The equations developed by Rice [10] for these derived values are presented in Fig. 1 . 

3. NEURAL NETWORK MODELS 

Neural networks are computing systems that incorporate a simplified model of the human 
neuron, organized into networks similar to those found in the human brain [7]. Instead of 

. AGE 

. ESTFHRS « (SDRDATE-SERVICE)/(ARSDATE-SERVICE)*FHSCUM 
. ESTLDGS = (SDRDATE-SERVICE)/(ARSDATE-SERVICE)*LDGSCUM 

where 

ESTFHRS = Estimated flying hours at SDRDATE 
ESTLDGS = Estimated landings at SDRDATE 
SDRDATE = Date of SDR (from SDR database) 
SERVICE = Original delivery date (first operator. ARS) 
ARSDATE = Date or ARS data reference 
FHSCUM = Cumulative fuselage flying hours (ARS) 
LDGSCUM = Cumulative fuselage landings (ARS) 




SERVICE ARSDATE SDRDATE 

FHSCUM ESTFHRS 

LDGSCUM ESTLDGS 
Fig. 1. Derived predictor variables [101. 




programming the neural network, it is "taught" to give acceptable results. Artificial neural 
networks are computer simulations of biological neurons. Neural networks can be layered into 
many levels, with or without hidden layers exhibited between an input and an output layer. Figure 
2 displays a network of neurons that are organized into a three-layer hierarchy. The ability of 
artificial neural networks to capture underlying, complex trends in data has been researched and 
documented in a significant number of research papers since the "rebirth" of neural networks in 
1982 when researchers "rediscovered" their important characteristics [1 1-15]. The large number of 
research papers available on these characteristics prohibits their documentation here, but as an 
indication of their diverse cognitive power, there have been applications of neural networks in 
varied areas from stock market price prediction and credit rating approval to engineering 
applications such as pattern/image recognition, digital signal processing and automated vehicle 
guidance [13]. 

This research attempts to take advantage of the ability of artificial neural networks to capture 
and retain complex underlying relationships that exist between an aircraft's operations data and 
SDR inspection reporting profiles. 

There are six broad categories and approx. 50 different types of neural network architectures 
in use today [16]. Backpropagation neural networks are the most commonly used neural network 
architectures. These neural networks are especially good for pattern recognition. Figure 2 shows 
the basic configuration of the three-layer backpropagation network. To develop a backpropagation 
model, a training set of data patterns which consist of both inputs and the actual outputs observed 
must be developed. During training, the neural network processes patterns in a two-step procedure. 
In the first or forward phase of backpropagation learning, an input pattern is applied to the 
network, and the resulting activity is allowed to spread through the network to the output layer. 
The program compares the actual output pattern generated for the given input to the corresponding 
training set output. This comparison results in an error for each neurode in the output layer, In 
the second, or backward phase, the error from the output layer is propagated back through the 
network to adjust the interconnection weights between layers. This learning process is repeated until 
the error between the actual and desired output converges to a predefined threshold [17]. A trained 
neural network is expected to predict the output when a new input pattern is provided to it. 

3. L SDR part location neural networks 

A structural schematic of the DC-9 aircraft is presented in Fig. 3. For the 1308 sample data 
observations from the period 1974-90, there are only 569 data observations for cracking cases for 
the DC-9, and only 390 observations identify the part location. There is insufficient and incomplete 
input data for each part location, so the part locations were categorized into 1 1 larger "groupings" 
as presented in Table 2. The corresponding sample sizes for each major part grouping is 
superscripted in parentheses. Note that the part location numbers in Table 2 do not correspond 
to the part location numbers in Fig. 3 due to the "grouping" strategy. The frequency of reporting 
by part location is graphically portrayed in the frequency histogram of Fig. 4. For the given data, 
approx. 70% of cracking cases occurred in the aircraft main fuselage areas and the "Fuselage STA 
588 to 996 (recoded as "Part 3")" includes 22.2% of cracking cases. 
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Fig. 3. Structural schematic of the DC-9 aircraft (Douglas Aircraft Co., Inc, DC-9 Structure Repair 

Manual). 
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Table 2. Backpropagation neural networks for DC-9 part locations (cracking cases) 
Initial parameters 

Learning rate * 0.0 1 Input layers = 3 (Avg-age, Avg-flight hours, Avg-landings) 

Momentum = 0.05 Hidden layers ■« 2 1 

Intitia! weight = 0.3 Output layer » 11 (No. of SDR for each part location) 

Patterns = 20 



Part No. 


Part description 
(•):No. of observations 


R 2 value 


1 


Fuselage nose structure* 50 




2 


Fuselage station 229 to 588 (37) 




3 


Fuselage station 588 to 996 W) 




4 


Fuselage station 996 to 1087^ 




5 


Fuselage tail struct ure (39) 




6 


Ruddcr< ,3) 




7 


Pylon aft panel 17 ' 


CM$26 


8 


Wing" 5 ' 


0,5771 


9 


Passenger fwd entrance door* 27 * 


ojm 


10 


Cargo door (7) 


£.8 3.7* 


11 


Aft press b1khd< M > 


0*744 



Based on the current SDR data base which presents one SDR for one aircraft record, a prediction 
model is created that can be used to signal potential problem areas by homogeneous aircraft type. 
The expected number of SDRs in a certain part location is used as an index that indicates the 
possibility of failure in the area. A higher expected number of SDRs suggests a greater possibility 
that a maintenance problem exists. 

To generate the model, current data have been grouped by aircraft age or flight hours to calculate 
the average number of SDRs in each part location. For example, in the age "cohort" or grouping 
of 10 yr < aircraft age < 10.5 yr, if it is observed that there are two aircraft with three part No. 2 
failures and three aircraft with six part No. 3 failures, then we can argue that one aircraft in that 
age range has 1.5 SDRs (3 SDRs/2 aircraft) for part No. 2 or 2 SDRs (i.e. 6SDRs/3 aircraft) for 
part No. 3. Moreover, the average age, flight hours and number of landings in this age "cohort" 
is also calculated to create a complete training data record. 

In an attempt to create "robust" SDR prediction models, different data "grouping" strategies 
were surveyed. Currently, the data with aircraft age less than 16 yr are grouped by age in increments 
of 0.5 yr and the remaining data are grouped by flight hours in increments of 4000 hr. This grouping 
strategy is suggested by a multiple regression approach as reported by Luxhoj et al [6], The SAS 
regression procedure "STEPWISE" with significance level 0.05 is used in Ref. 6 to find explanatory 
variables (such as age, flight hours and number of landings) for an overall SDR prediction model 
that included both cracking and corrosion cases. This overall model did not identify part locations. 
If the observed data with aircraft age less than 16yr are grouped by flight hours, then no 
independent variables are selected for a regression model using the backwards stepwise procedure. 




341529 11 867 10 

Part location 
Fig. 4. Frequency histogram of part locations. 
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Tabic 3. Sample training patterns for neural network models 



Age 


Flight hours 


Landings 


Part-1 


Part-2 


Part -3 


Part- 


(input) 


(input) 


(input) 


(output) 


(output) 


(output) 


(outpi 


7.85 


18.690.47 


20,802 41 


0 


0 


0 




9.89 


23,196.85 


22,131.14 


0 


0 


1 


0 


10.22 


26,628.15 


29,868.82 


0 


0 


1 


0 


14.54 


38.342.68 


39,529.86 


0 


0 


2 


0 


15.48 


20,389.20 


21,082.51 


0 


i 


0 


0 


16.10 


7648.51 


8747.93 


0 


0 


0 


0 


16.59 


9847.38 


11,650.02 


0 


0 


0 


0 


19.71 


14,890.32 


17,608.92 


1 


! 


1 


0 


20.49 


18.417.62 


22,897.46 


0 


1 


1 


I 


21.27 


21,193.82 


28,295.16 


0 


0 


1 


0 


21.22 


25,934.51 


30,647.01 


0 


1 


1 




21.18 


30,354.34 


33,997.60 


1 


0 


1 




20.93 


34,201.58 


41,745.07 


I 


I 


1 




20.47 


37,618.85 


41,610.96 


1 


1 


I 




19.95 


41,831.14 


46,925.22 


1.333 


1 


1 




20,85 


46,138.41 


50,187.29 


1 


1.333 


1.083 




21.28 


49,973.60 


56,181.93 


1.25 


1.5 


1 




21.41 


53,329.71 


60,088.01 


I 


I 


1.583 




21.84 


57,753.52 


65,016.48 


1.222 


1 


1.273 


0 


21.87 


61,351.04 


56,383.35 


1 


1 


1 


0 



However, if the data are grouped by age, then it appears that age is a significant explanatory 
variable for this model. Furthermore, we can also identify that data with aircraft age greater than 
16yr should be grouped by flight hours as this can be a significant explanatory variable in the 
prediction model. When using the data grouping strategy of flight hours in the SDR data base, 
the suggested interval grouping size is 4000 flight hours [6]. 

A three-layer backpropagation architecture is used to classify SDR cracking cases for part 
location data grouped by the above data partitioning strategy. Previous research by Luxhoj et al 
[6] on the sensitivity of using different neural network architectures for the SDR problem domain 
suggests that the three-layer backpropagation architecture yields the best results for the given SDR 
data. This observation is consistent with Maren et al [13] who report on successful applications 
of three-layer backpropagation architectures for fault diagnosis. For the component data, the 
number of SDRs for one aircraft in a certain age group is calculated. As Luxhoj et al [6] 
demonstrate, the use of "ungrouped" data results in poor prediction models for both the multiple 
regression and neural network techniques. However, due to the age "grouping'* strategy, only 18 
input patterns can be used to train the neural network model. The model includes three input 
neurons (i.e. operations data, such as aircraft age, flight hours and number of landings) and 1 1 
output neurons that identify the number of SDRs in 1 1 different part locations. These patterns are 
created in an attempt to capture underlying relationships between aircraft operations data and the 
"mix" of expected number of SDRs by component type. The sample training patterns are presented 
in Table 3, and the designed backpropagation neural network model is shown in Fig. 5. The 
numbers in the 1 1 "output" columns represent the "average" number of SDRs per airplane for 
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Fig. 5. Backpropagation neural network model for SDR part locations. 
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Fig. 6. Model performance of the fuselage nose structure (part location No. 1). 



that part location and were obtained using the "cohort" data grouping strategy as previously 
discussed. 

The prediction model is trained using the NeuroShell 2 [18] computer program, which requires 
Microsoft Windows, a minimum of 4 MB of RAM, and at least a 386SX microprocessor. In 
addition, this commercial software program implements several different types of neural network 
architectures, and supports easy import/export of files, model building and testing, and the creation 
of run-time versions of trained networks all via a friendly graphical user interface. Backpropagation 
neural network "learning" parameters include the "learning rate" which is used to specify the 
magnitude of the weight changes, the "momentum" factor which specifies the proportion of the 
last weight change that is added to the new weight change, and an "initial weight" that is used 
to initialize the weights between the network's connections prior to "training". 

In neural network modeling, the R 2 value compares the accuracy of the model to the accuracy 
of a trivial benchmark model where the prediction is simply the mean of all the sample patterns. 
A perfect fit would result in an R 2 value of 1, a very good fit near 1, and a poor fit near 0. If the 
neural network model predictions are worse than one could predict by just using the mean of the 
sample case outputs, the R 2 will be 0. Although not precisely interpreted in the same manner as 
the R 2 value or coefficient of multiple determination in regression modeling, nevertheless, the JR 2 
value from a neural network model may be used as an approximation when evaluating model 
adequacy. 

Plots of the actual value vs the predicted value from the network for two of the part loca- 
tions are exhibited in Figs 6 and 7. These parts are the Fuselage Nose Structure (Part No. 1) 
and the Fuselage Station 588-996 (Part No. 3). Corresponding R 2 values for each of the 11 part 
location models are provided in Table 2. Eight of the 11 models have R 2 values about 0.7 
which suggests that a backpropagation neural network is very effective in predicting the 
number of SDRs for major structural groupings of part locations. Five of the 1 1 models have 
R 2 values of 0.8 or higher. The "best" part location backpropagation models in this study are 
for the AFT Press BULKHEAD (R 2 = 0.8744), fuselage nose structure (R 2 = 0.8563), fuselage 
stations 588 to 996 (R 2 = 0.8504), cargo door (/? 2 = 0.8371) and fuselage stations 229 to 588 
(R 2 = 0.8329). 

The accuracy of neural network models will be affected by the input training patterns. The 
number of the observations for each of the 1 1 part locations is one major factor that has influence 
on the accuracy and efficiency of the model. For a small number of observations, the neural 
network model cannot provide an effective prediction for some part locations. For example, the 
Pylon AFT panel model (R 2 = 0.4926) is based on only seven observations. Even for some cases 
that have a relatively high R 2 value but with only few observations, there is still insufficient evidence 
to conclude that the model provides a reasonable prediction in this part location. The cargo door 
neural network model is one of these cases. 
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3.2 Comparison with multiple regression models 

An alternative approach to estimate the number of SDRs by part location is the use of multiple 
regression. However, one multiple regression model can only predict one dependent variable. To 
predict the number of SDRs for 1 1 different part locations, 1 1 different multiple regression models 
should be created. The following list of possible explanatory variables was used in creating the 
multiple regression models: age, flight hours, number of landings, age 2 , flight hours 2 , number of 
landings 2 , age x flight hours, age x number of landings, flight hours x number of landings, flight 
hours/age, and number of landings/age. Quadratic terms were considered in an inherently linear 
model to evaluate any nonlinear relationships. The regression models were examined for 
multicollinearity, since a high degree of multicollinearity makes the results not generalizable as the 
parameter estimates in the model may not be stable due to the high variance of the estimated 
coefficients. Since flight hours, number of landings and age of an aircraft are interrelated, 
multicollinearity is inherent in the independent variables. 

Two statistical measures of multicollinearity are the tolerance (TOL) value and the variance 
inflation factor (VIF) (Hair et al [19]). The tolerance value is equal to one minus the proportion 
of a variable's variance that is explained by the other predictors. A low tolerance value indicates 
a high degree of collinearity. The variance inflation factor is the reciprocal of the tolerance value, 
so a high variance inflation factor suggests a high degree of collinearity present in the model. The 
VIF and TOL measures assume normality and are typically relative measures. A high tolerance 
value (above 0.10) and a low VIF value (below 10) usually suggest a relatively small degree of 
multicollinearity (Hair et al [19]). 

Due to the lack of observed data in two cases (i.e. sample sizes of seven), only nine multiple 
regression models are created to estimate the number of SDRs for major structural groupings of 
part locations. The VIF and TOL values were examined for each model to reduce the multi- 
collinearity. A sample model to predict the expected number of SDRs for the major structural 
grouping of "Fuselage Station 588-996 (Part No. 3)" is provided below: 

No. of SDRs (Part No. 3) = -6.192868 + (0.341556 x age) - (0.000004097 x age x flight 

hours) + (0.001897 x age/flight hours). 

This model has an R 1 value of 0.7844 and the relative measures of multicollinearity are reported 

as: 



Independent variable TOL VIF 

age 0.05040 19,839 

age x flight hours 0.03395 29.455 

age/flight hours 0.06052 16.522 
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Fig. 7. Model performance of the fuselage stations 588-996 (part location No. 3). 
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Table 4. Comparison of neural network and multiple regression models 
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The multicoHinearity measures suggest that some degree of multicollinearity is present in this 
model, but these values are close to the generally recommended threshold values of VIF ^ 10 and 
TOL^O.10. 

Table 4 presents the J? 2 values for the nine regression models as compared with the R 2 values 
for the corresponding neural network models. Although not interpreted precisely in the same 
manner, nevertheless, analyzing the R 2 values from neural network and multiple regression 
facilitates approximate comparisons. Only one multiple regression model has an R 2 value above 

0.7. 

Since the goal is to maximize the precision of the SDR predictions, the mean square error (MSE) 
is also used for comparative purposes. The MSE is defined as: 

A A 
MSE (8) ~ E(fi -~p? t 

where ft is some arbitrary parameter. The above expression is equivalent to: 

A A 
MSE = [bias 0J)f + var (£). 

The criterion of minimizing the MSE thus considers the variance and the square of the bias of 
the estimator. Comparing the results of the two approaches reveals that neural network modeling 
provides better fits to the SDR part location data in all cases than does regression modeling. Also, 
it appears that neural networks may be more useful for predictive purposes, in some cases, when 
there are sparse data sets, an observation that has been reported in Luxhoj and Shyur [20] in their 
analysis of helicopter part reliability data. However, the general predictive capability and statistical 
confidence of neural networks given small sample sizes still requires investigation across varied 
characterizations of data sets. 



4. CONCLUSIONS AND RECOMMENDATIONS 

In this study, promising results are achieved when using three-layer backpropagation neural 
networks to predict SDR reporting profiles by part location for major structural components for 
the DC-9 aircraft. Prediction of the number of SDRs for each part location is helpful to Aviation 
Safety Inspectors (ASIs) and may be used to signal potential problem areas based upon aircraft 
operating conditions and age. Using neural networks, one can obtain the expected number of SDRs 
for a major structural grouping of components whenever the operating conditions are known. 
These current results are encouraging, but additional data are required to validate the generality 
of the modeling approach. 

The part location data "grouping" strategy is useful to provide efficient input patterns to create 
a reasonable neural network model. However, some information hidden in the data set is lost in 
the process of "grouping". Due to this strategy, the difficulty to maintain the current neural 
network will also increase. A new approach to replace the current "grouping" strategy should be 
developed. 
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Another recommendation is to develop the entire probability mass function from the neural 
network for major part locations. This would then provide aircraft safety inspectors with the most 
likely category of failure, the second most likely etc. based upon the operating conditions and age 
of the aircraft. Attempts to refine the management reporting from the neural network models are 
underway. 

Neural network modeling, a model-free regression technique, is easy to develop, maintain and 
use. However, it should possess one set of reasonable and useful input buffers. In the SDR reporting 
profiles, only three different input buffers (age, flight hours and number of landings) can be used 
in this model. Other factors that affect the components, such as engine hours and flight cycles, are 
still not exhibited in the SDR reporting profiles. If these data can be collected and merged to the 
current data base, then more promising and meaningful models can be created. 

Acknowledgements — The authors of this report would like to acknowledge the support of the SPAS program and Mr John 
Lapointe and Mr Michael Var. 
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Active Control of Wind- Tunnel Model 
Aeroelastic Response 
Using Neural Networks 

Robert C. Scott* 
NASA Langley Research Center, Hampton, VA 23681 

Under a joint research and development effort conducted by the National Aeronautics 
and Space Administration and The Boeing Company (formerly McDonnell Douglas) three 
neural-network based control systems were developed and tested. The control systems were 
experimentally evaluated using a transonic wind-tunnel model in the Langley Transonic Dy- 
namics Tunnel. One system used a neural network to schedule flutter suppression control laws, 
another employed a neural network in a predictive control scheme, and the third employed 
a neural network in an inverse model control scheme. All three of these control schemes 
successfully suppressed flutter to or near the limits of the testing apparatus, and represent 
the first experimental applications of neural networks to flutter suppression. This paper will 
summarize the findings of this project. 

Keywords: neura l network, adaptive control, aeroelasticity, flutter suppression 



Introduction 

ACTIVE control of aeroelastic phenomena will be- 
come more prevalent on future flight vehicles. One 
of the key issues in gaining acceptance of such systems 
is reliability. Systems that can reliably adapt to sensor 
and actuator failures or plant changes will improve sys- 
tem reliability. Since neural networks can be trained to 
model dynamic systems, their use has been suggested 
for adaptive control and many studies proposing a va- 
riety of control system architectures have been studied. 
Some common types of algorithms include model refer- 
ence control where the neural network is used to model 
the plant and inverse control where the neural network is 
used to model the inverse of the plant. Studies to inves- 
tigate the aeronautical applications of neural networks 
have been much more limited. References 1, 2, and 3 
describe analytical studies where neural networks were 
applied to flight controls in either fixed wing or rotorcraft 
applications. These studies have focused on utilizing 
neural networks to achieve improvements in trajectory 
tracking. Studies to investigate the application of neural 
networks to controlling aeroelastic response (flutter and 
gust load alleviation, for example) have, however, been 
even more limited. The purpose of the present research 
is to investigate the use of neural networks for controlling 
aeroelastic response. 

The work described in this paper is part of the Adap- 
tive Neural Control of Aeroelastic Response (ANCAR) 
project. ANCAR was a joint research and development 

♦Research Engineer, Aeroelasticity Branch, Structures and Ma- 
terials Competency. 



effort conducted by the National Aeronautics and Space 
Administration, Langley Research Center and The Boe- 
ing Company (formerly McDonnell Douglas) under a 
Memorandum of Agreement. The goal of the program 
was to develop and demonstrate neural-network based 
adaptive control systems using the Benchmark Active 
Controls Technology (BACT) wind-tunnel model. The 
ANCAR program consisted of two phases. Phase I was 
the development and demonstration of a neural net- 
work gain scheduled flutter suppression system. Under 
Phase II, two adaptive neural-network based control sys- 
tems were to be developed and demonstrated. These 
systems used predictive control and inverse model con- 
trol methodologies. This paper will summarize all the 
accomplishments of the ANCAR project; however, the 
majority of the paper will focus on the neural-network 
based inverse model system which has not previously 
been reported. 

The work presented in this paper was an exploratory 
study. Additional research is required to determine the 
merits of using neural networks for aeroelastic control. 
In addition to the neural-network based control systems, 
there were several other control systems tested using the 
BACT wind-tunnel model. These control systems in- 
clude those described in references 4 and 5. The control 
systems described in these papers were designed using 
classical or modern methods. While the performance of 
these control systems was not directly compared with 
the neural-network based control systems, it was appar- 
ent that they were significantly more robust than either 
the neural predictive or inverse model control systems. 
The neural gain scheduled system is based on classical 
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control law d$$ipi- m<j lt>v ^rformance was (uialiia^ 
similar to the sisrn'S:' in : mime n cos 4 and 5. 

Apparatus 
Transonic Dynamics Tunnel 

Wind-tunnel testing was conducted in the NASA 
gley Transonic Dynamics Tunnel (TDT).*' The TDT is 
a single-return variable-density transonic wind tunnel. 
The slotted lest section is 16 ft by 16 ft square with 
cropped corner The speed and pressure are indepen- 
dently contrdlabk<^rer a range of Mach number fc^x; 0,0. 
to 1.2 (unblo;^ked}. And a range of stagnation 
from near zero to one atmospheres Either air or a heavry 
gas can be used as the test medium. The heavy gas used i 
in these wind-tunnel tests was R-12. but the TDT has 
since been modified to use R 1 34a as the heavy gas. The 
TDT is also equipped with quick-opening bypass valves 
which can be activated to rapidly reduce test-section dy- 
namic pressure and Mach number when flutter occurs.; 
The combinations of large scale, high speed, high density, 
variable pressure, and the bypass- valve system make the 
TDT ideally suited for aeroelastic testing. 

The BACT wind-tunnel mode! is a rigid, rectangu- 
lar wing with an NACA 0012 airfoil section. It is 
equipped with a trai ling-edge (TK) control surface and 
up\>m p<$ lower-surface spoilers, all independently con- 
trollable. ^;he model is attached to a flexible mount 
system, the |%ch And Plunge Apparatus (PAPA), that 
allows both pitch and plunge degrees-of- freedom. An 
image of the model moulited in the TDT and a sepa- 
rate image showing only the model and mount system 
are shown in figure I . The model is extensively instru- 
mented with pressure transducers and acceleromcters to 
measure surface pressures and model dynamic response, 
and the mount system is instrumented with strain gauges 
to measure normal force and pitching moment. Parame- 
ters which could be varied during the test include Mach 
number, dynamic pressure, model anglc-of-attack. and 
control surface deflection. Reference 7 contains a more 
detailed descriptttih of t his wind- tun net model. 

Neural Networks 

Neural networks have neW studied for many years in 
a variety of fields. These fields include speech and image 
recognition, credit and insurance policy evaluation, and 
trajectory control to name a few. They have also been 
studied extensively for use in controlling dynamic sys- 
tems. The MATLAB Neural Network Toolbox Manual 8 
provides an excellent overview of neural network appli- 
cations with many references. While numerous control 
system architectures and network types have been in- 
vestigated, this section of the paper will provide a brief 




Fig. 2 Neural network com|>im*r.k>^l element or 
neuron. 
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The name neural network comes from ttie fact that the 
networks emulate the structure of the bram. a: 
nervous systems, the output of one neuron' is connected 
to many other neurons. It is these coiUHrfku*:; Uau de- 
termine the function of the network. In prWrticK ii^urat 
networks are composed of many computational elements 
or neurons operating in parallel. The general structure 
of an individual neuron is shown in figure 2. The func- 
tion of each neuron is to sum the weighted inputs 
and the bias (bj) and process this sum through a trans- 
fer function (/). The transfer functions considered in 
this study will be limited to the two shown in figure 2: 
a linear transfer function or a si;gme*i<j transler function 
(tanh)< The use of a tanh or tau^igmokl transfer func- 
tion allows the modeling of nonlinear effects. 

Two or more neurons can be used to form a layer and 
one or more layers forms a neural network. An example 
of the network structure used in this paper is shown in 
figure !l. This network consists of an input vector and 
two layers of neurons, a hidden layer and an output layer. 




Fig, 3 Neural network with one hidden layer. 

Typically the output layer uses linear transfer functions 
and the hidden layer uses linear or tan-sigmoid transfer 
functions. This network structure is the simplest form of 
multilayer feedforward network. More hidden layers can 
be used, but no more than one hidden layer was used in 
this paper. Given sufficient neurons on the hidden layer, 
this type of network can approximate most functions ar- 
bitrarily well. 

Neural networks must be trained prior to use as pre- 
dictive models. Training is a common term in the field 
of neural networks and simply refers to the process by 
which the network weights and biases are selected. The 
training process begins by selecting or acquiring train- 
ing data, a set of input and output data for the plant or 
function to be approximated with the network. During 
the training process the weights and biases are adjusted 
until the error between the training data output and the 
network output is minimized. There are several meth- 
ods or algorithms for adjusting the network weights and 
biases. A common training method, and the one used 
in this paper, is backpropagation. Backpropogation is 
a gradient descent optimization algorithm that can be 
used on multilayer networks as long as the neurons have 
differentiate transfer functions. 

Gain Scheduler 

This section of the paper will summarize the imple- 
mentation and findings of the neural network gain sched- 
uled flutter suppression system described in reference 9. 
The objective of this system was to use a neural net- 
work to schedule flutter suppression control laws. The 
approach taken in this study was to use a series of state- 
space models of the BACT wind-tunnel model to design 
classical single input single output (SISO) flutter sup- 
pression control laws. The state-space models were gen- 
erated using the Integrated Structures, Aerodynamics, 
and Controls (IS AC) code. 10 The state-space models all 
used the same structural and aerodynamic models with 
Mach number (M) and dynamic pressure (q) being var- 
ied. In all, fifty six state-space models were used where 
Mach number varied from 0.3 to 0.9 and dynamic pres- 



sure varied from 75 to 250 psf. These models were used 
to design a fixed-gain control law and to design a series 
of control laws optimized to minimize accelerometer out- 
put for each combination of M and q. A neural network 
was used to schedule the series of 56 optimized control 
laws. 

Fixed-Gain Control Law 

The fixed-gain feedback control law was designed to 
stabilize and minimize the wing response over the entire 
range of the state-space models. A washout filter was 
included in the compensation to eliminate any drift due 
to bias errors in the accelerometers. Root- locus pole and 
zero placement methods were used to design the fixed- 
gain robust feedback control law given below. 

Neural-Network Scheduled Control Laws 

For the neural-network scheduled control laws, the 
control law described above was tailored for the pole-zero 
dynamics of each state-space model. Fifty-six custom de- 
signs were generated for the various M and q condition 
state-space models. All of the resulting control laws had 
the same order numerator (3 zeros) and denominator (4 
poles) as the robust fixed-gain control law. The general 
form of the these control laws is given below: 

s 4 -f b$$ 3 *f *f fas -f h 

The neural network, shown in the lower portion of fig- 
ure 4, was trained using backpropagation to output the 
two numerator coefficients, the four denominator coef- 
ficients, and the overall gain as functions of M and q. 
The control law parameters used to train the neural net- 
work were in the continuous domain, rather than the 
discrete domain. This was required because continuous- 
domain coefficients vary smoothly as a function of M 
and q and do not require the high numerical precision of 
discrete-domain control law coefficients. The neural net- 
work outputs were transformed into the discrete domain 
before being transferred to the digital controller. 

Experimental Results 

The control system architecture that was implemented 
in the 1995 BACT wind-tunnel test is shown in figure 4. 
The trained neural network and Tustin (continuous-to- 
discrete) transformation was implemented on a Macin- 
tosh computer. As M and q were varied, the Macintosh 
computer transferred control laws to the real time sys- 
tem. The Active Digital Controller (ADC) 11 was used as 
the real-time digital control system operating at a rate of 
200 Hz. The fixed-gain control law was also implemented 
on the ADC. 
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Fig. 4 Neural network gain scheduling system ar- 
chitecture. 

The control systems were tested along four constant 
total-pressure lines which define test paths within the 
TDT. These H-lines and the BACT model open-loop 
flutter boundary are shown in figure 5. Each H-line is 
determined by the total pressure of the gas in the tunnel, 
and conditions are varied along each H-line by varying 
the motor RPM. For three of the four H-lines, open-loop 
unstable conditions were encountered and the control 
laws successfully suppressed flutter. For each H-line, 
data was collected for open-loop, fixed-gain closed- loop, 
and neural- network gain-scheduled closed-loop configu- 
rations. The open-loop tests were terminated as soon as 
classical flutter was encountered. 

While both the fixed-gain and neural- network gain 
scheduled controllers provided effective flutter stabiliza- 
tion, the neural network system was able to achieve lower 
Root Mean Square (RMS) wing acceleration across the 
range of M and q conditions. The relative performance 
improvement is illustrated in figure 6 which plots the 
RMS wing acceleration versus dynamic pressure for the 
third H-line. The open-loop flutter boundary is indi- 
cated here by the sharp increase in open-loop response 
around q=160 psf. 

Predictive Control 

The neural predictive control system described in ref- 
erence 12 will be summarized in this section. The goal 
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Fig. 5 Data acquired for fixed and gain scheduled 
systems. 
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Fig. 6 Fixed and gain scheduled system response. 

of this control system was to demonstrate the use of 
a neural network in a Model-Based Predictive Control 
(MBPC) system. MBPC utilizes a model of the plant to 
predict future physical model responses to future control 
inputs. A search algorithm is typically used to select the 
best control input. In this application, the objective of 
the search algorithm was to minimize model response. 
The plant model can be a linear or a nonlinear network, 
and the control system can include the ability to update 
the plant model. The system implemented in this study 
used a linear plant model. The control system trains 
the plant model using experimental data and the plant 
model can be retrained to adapt to changes in the phys- 
ical plant. This algorithm is called Neural Predictive 
Control (NPC). 

NPC Algorithm Description 

A simplified block diagram of the NPC architecture 
is shown in figure 7. The NPC system can use either 
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Fig. 7 Neural predictive control system architecture 

a linear single layer network or neural-network plant 
model. As depicted in this figure, the NPC system im- 
plemented in this study used a linear plant model to 
capture the input/output dynamics of the BACT model. 
This predictive plant model is then utilized in an on-line 
optimization scheme to select the optimal control val- 
ues for each control cycle. This system used a sample 
rate of 100 Hz, and each cycle had a duration of 0.01 
seconds. The plant model can initially be trained by 
exciting the actuators, measuring the sensor response, 
and training the plant model. This model can then be 
updated on-line to handle with changing conditions and 
time-varying plant dynamics. The plant model training 
portion of this system is performed in parallel with the 
closed-loop portion and is depicted by the error feedback 
to the plant model in figure 7. 

The method implemented for flutter suppression in- 
volves minimizing a cost function. The cost function, 
or performance index, is typically a quadratic function 
of the regulation/tracking error and required control in- 
put power. Consequently, NPC is an optimal controller 
in the same sense that the Linear Quadratic Regulator 
(LQR) is optimal. The advantage of NPC over LQR lies 
in its capability to be easily extended to nonlinear sys- 
tems and to explicitly account for plant constraints in 
real time. 

A step-by-step description of the NPC algorithm is 
given below: 

1. Generate a reference trajectory, y<*(n), which rep- 
resents the desired value of the future plant output 
(yd(n) = 0 for flutter suppression). 

2. Predict the future plant output, t/ p (n-f 1), using the 
plant model. This prediction is based on the current 
and past values of the plant input and output, u(n) 
and t/(n), and anew trial input value, u*(n). For the 



BACT model u is the TE control surface command 
and y is the TE accelerometer signal. 

3. Evaluate the performance of the trial input value 
according to a performance index based on the cost 
of regulation/tracking error and the required control 
input power. 

4. Repeat steps 2 and 3 with an optimization scheme 
until the termination criteria (desired performance 
or iteration limit) is achieved. 

5. Output the trial control value selected by the op- 
timization process to the plant. This is where the 
switch in figure 7 is moved from the down position 
to the up position so that the TE control surface 
command can be sent to the physical model. After 
the signal is sent the switch is returned to the down 
position for the next control cycle. 

6. If on-line learning is engaged, update the plant 
model using a set of input/output data and an ap- 
propriate training algorithm. 

7. Repeat the entire process for each control cycle. 

The inputs to the plant model consist of time-delayed 
samples of the plant inputs, u(n), and outputs, y(n), as 
shown in figure 7. For nonlinear control applications, a 
multi-layer neural network architecture with backpropa- 
gation training can be used. For linear plants, a linear 
autoregressive moving average (ARM A) model is used. 
The NPC architecture was implemented using a Pentium 
60 MHz PC with a plug-in Alacron neural accelerator 
board and analog input/output boards. The Pentium 
host CPU is responsible for all NPC computations and 
data transfer to the input/output and neural accelera- 
tor boards. The neural accelerator board performs the 
on-line model adaptation which occurs in parallel with 
the host CPU control loop computations. Due to several 
limitations of this hardware and software, only the linear 
ARMA plant models were considered in this study. 

Simulation Results 

The simulation studies were performed to design the 
appropriate plant model architecture, evaluate the ro- 
bustness of the controller, and validate the real time 
control software. Successful adaptation and control was 
demonstrated across the range of simulated wind tunnel 
conditions, with the NPC system running at a rate of 
100 Hz. One representative simulation time history is il- 
lustrated in figure 8 for an open-loop unstable condition, 
M=0.75 and q=175 psf. Starting with an untrained net- 
work, a white noise excitation signal was sent to the TE 
control surface for four seconds and the accelerometer 
response recorded providing 400 data points for neural 
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Fig. 8 NPC simulation time history. 



network learning. The learning then occurred during 
the next 2.7 seconds, allowing control to be activated at 
about 6.7 seconds. As shown in the figure, from t=3.9 to 
t=6.7, the wing response grew steadily due to open-loop 
flutter until the controller was initiated for flutter sup- 
pression. Once the system was activated, learning and 
control occur simultaneously, allowing model updates to 
occur every 6.7 seconds. The length of this time interval 
is determined by the speed of the processors, the control 
cycle rate, and the amount of data needed for accurate 
plant modeling. 

Experimental Results 

The NPC system was tested at several M and q condi- 
tions along two H-lines. Testing began at the lower end 
of the H-line, in the open-loop stable region, with plant 
model learning activated. Dynamic pressure and Mach 
number were then gradually increased to conditions well 
beyond the open-loop flutter boundary. The continuous 
adaption of the plant model, which was one goal of the 
project, was not reliable enough to use for long periods 
of time. Periodically, the plant model generated by the 
on-line learning algorithm was not accurate enough and 
resulted in an unstable control system. Additional anal- 
ysis is necessary to isolate the root of the problem, but 
it may be related to the level of random noise used to 
excite the wing dynamics, the amount of data used for 
training, or tuning of the performance index used by the 
NPC system. 

After several unsuccessful attempts to operate in a 
fully adaptive mode, it was decided to activate learning 
only when a new model was required. Thus, for each 
H-line the plant model was generated at the low end 
of the H-line at an open-loop stable condition, and then 
learning was turned off, thereby freezing the plant model 
parameters. This arrangement was used to successfully 
suppress flutter along two H-lines as shown in figure 9. 
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Inverse Model Control 

This section of the paper will provide a detailed de- 
scription of the application of neural networks and in- 
verse modelling to the control of aeroelastic response. 

Architecture 

The inverse modelling control architecture used in this 
study borrows elements from several proposed control 
schemes. This section of the paper will describe the 
relevant aspects of these systems and the system ar- 
chitecture implemented here. Inverse modelling control 
has generally been applied to trajectory tracking ap- 
plications. References 13, 14, and 15 describe several 
approaches to inverse modelling control and introduce 
several elements applicable to the present problem. In 
general, the key assumption in inverse model control is 
that an unknown plant can be made to track an input 
command signal when this signal is applied to a con- 
troller whose transfer function approximates the inverse 
of the plant's transfer function. An adaptive control 
system can be created by applying an adaptive inverse 
modelling process to the plant. A simple form of such 
a system is depicted in figure 10. The upper portion 
of this figure shows the training procedure. Here the 
arrow passing through the network box indicates the 
feedback of the error for training of the network using 
back propagation. The lower portion of figure 10 shows 
the implementation of the inverse model. In practice 
the adaptive inverse model will be continuously updated. 
Thus, no direct feedback is used, except that the plant 
output is monitored and utilized to adapt the parameters 
of the controller. 

The type of system just described is only suitable for 
minimum phase systems. The introduction of a time 
delay on the plant input used in the inverse modelling 
process allows one to obtain an approximate delayed in- 
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Fig. 10 Generic inverse model control block dia- 
gram. 

verse model to both minimum and non-minimum phase 
plants. Reference 14 also suggests using a prefilter on the 
plant input signal. Both the time delay and prefilter con- 
cepts will be employed in this study to generate inverse 
plant models. As the aeroelastic control application in- 
vestigated here is not a trajectory following problem, 
the actual implementation of the inverse model in the 
control system will be different than that proposed by 
Widrow. 13 " 15 The implementation of the inverse model 
in a closed-loop system is discussed next. 

The inverse model can take numerous forms including 
the one used here, a neural network. The implemen- 
tation of the neural-network inverse model used in this 
study is similar to that proposed in reference 16. Unlike 
many other studies, reference 16 suggests a relatively 
simple implementation where the neural network inputs 
and outputs are connected directly to the plant like a 
standard feedback controller. The present implementa- 
tion will use this approach. However, unlike reference 
16 which used perceptron neural networks trained us- 
ing genetic algorithms, the present application will use 
a two-layer feed- for ward neural network trained using 
back-propagation . 

The present implementation of the inverse modelling 
approach is shown in figure 11. The upper part of the fig- 
ure shows the acquisition of training data and the off-line 
network training procedure. The input to the network 
is one of the BACT model's accelerometer signals. As 
indicated on the figure, the input to the network is made 
up of the current and delayed values of this signal. The 
number of time-delayed inputs used can be varied. Also, 
as discussed earlier, the model input signal used to train 
the network is delayed and filtered prior to used. The 
data acquisition was performed using the ADC 11 sam- 
pling at 200 Hz. The network training was performed 
off-line using the MATLAB software. The time delay 
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Fig. 11 Inverse model control system architecture. 

(A) was an integer number of time steps. The prefilter 
was implemented using the MATLAB FILTFILT func- 
tion. This function digitally filters the data in both the 
forward and reverse directions. The result has zero phase 
distortion with a magnitude modified by the square of 
the filter's magnitude response. The prefilter is tailored 
to have a peak magnitude near the frequency of the 
physical phenomenon to be controlled. For flutter sup- 
pression, the flutter frequency is used. 

The lower portion of figure 11 shows the implementa- 
tion of a trained network. Here the network is inserted 
in the control loop with the the BACT model's TE con- 
trol surface command as the output of the network. This 
control system also was implemented on the ADC 11 sam- 
pling at 200 Hz. The gain, k, on the output signal could 
be varied on-line. 

The following steps summarize the operation of this 
system. 

1. Send excitation signal to the BACT model recording 
both the excitation (TE control surface command) 
and the model response (accelerometer signal). 

2. Train the network using delayed and filtered excita- 
tion signal and BACT accelerometer response time 
history. 

3. Implement trained network on the real-time system. 




Fig. 12 Inverse model control system simulation 
block diagram. 

Prior to implementation of this system, many parame- 
ters were explored using the simulation model discussed 
in the next section. 

Simulation Model 

The simulation model developed by Waszak 17,is was 
used in this study. The model was formed by combin- 
ing the equations of motion for the BACT wind-tunnel 
model with actuator models and a model of wind-tunnel 
turbulence. Wherever possible, the numerical model pa- 
rameters were determined experimentally. The mass and 
inertia parameters were obtained by measuring the mass, 
stiffness, and damping properties of the BACT flexible 
mount. The static aerodynamic parameters were deter- 
mined from experimental data when the BACT model 
was mounted to a five-degree-of- freedom balance. 7 The 
dynamic derivatives were obtained computationally us- 
ing IS AC. 10 The numerical values for the static and 
dynamic stability and control derivatives are only valid 
at a single Mach number of 0.77; however, the dynamic 
pressure for the model could be changed. The analyt- 
ical flutter boundary for this simulation model occurs 
at a dynamic pressure of 150.8 psf. Figure 12 shows 
the version of the simulation model used in this study. 
The BACT equations of motion and actuator models 
developed by Waszak are contained in the appropriately 
labeled blocks. The turbulence model in the upper left 
portion of the model is based on a Dryden spectrum 
with parameters tuned to match power spectrum data 
obtained in the TDT. The other elements of the block 
diagram were added for this investigation. 

The primary changes to the model developed by 
Waszak included the addition of the neural-network con- 
trol blocks and numerous other gain blocks. The control 
system studies in this investigation were SISO so the gain 
blocks were included to allow the same SIMULINK 19 



model to be used for either accelerometer signal (trail- 
ing edge or leading edge) or either control surface {TE 
control surface of upper spoiler) without changing the 
model. For instance, if the gains on the upper spoiler 
control signal and the gain on the leading, edge ac- 
celerometer signal are both zero, the resulting system 
would be SISO utilizing the TE control surface and the 
TE accelerometer. This was the configuration considered 
in this investigation. In addition, excitation generators 
and their associated gains were introduced for obtaining 
training data and for studying the effects of noise and 
turbulence. 

Several parameters that could also be varied but are 
not shown in figure 12, include the number of hidden 
layers on the neural network and the number of time- 
delayed network inputs. The hidden layer could be either 
linear or nonlinear. 

Parametric Variations 

This section of the paper will present results from sev- 
eral parametric variations using the simulation model 
described above. First, a few words about how these 
parametric studies were performed. The primary objec- 
tive of this system is flutter suppression and the per- 
formance of the control system will be evaluated at a 
dynamic pressure where the model is open-loop unsta- 
ble, 175 psf. The data for training the network must be 
obtained initially at a dynamic pressure were the model 
is open-loop stable. The initial training was obtained 
from an open-loop simulation using a dynamic pressure 
of 133 psf where a pseudo-random noise (PPN) or lin- 
ear sign sweep (LSS) input was used to drive the TE 
control surface. Both excitation signals had frequency 
content between 0 and 12 Hz. The prefilter for the flutter 
suppression applications was selected to have peak mag- 
nitude of unity in the vicinity of the flutter frequency of 
the BACT model. The prefilter used for flutter suppres- 
sion control laws is shown below. 

It has a peak magnitude of unity at 4 Hz and significant 
washout below and rolloff above this target frequency. 

In all the parametric results presented, the RMS val- 
ues of the TE accelerometer and the TE control sur- 
face will be plotted against the parameter being varied. 
Lower is better and values off the scale of the plot indi- 
cate that the system is not stable. The value of A t the 
number of time delays used in training the network, is 
a very important parameter and will often be used as 
the independent variable in these plots. The nominal 
simulation parameters are as follows 

Network Controller: 
Hidden Nodes = 6 
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Fig. 13 Comparison of linear inverse model control 
system response with and without the use of the pre- 
filter. 

Time Delayed Inputs = 25 

A = 25 

Training Data Simulation: 
q = 133.0 psf 
Turbulence Gain = 3.0 
Simulation Time = 30 seconds 
TE Control Surface Excitation = PPN 

Controller Evaluation Simulation: 
q =175.0 psf 
Turbulence Gain = 3.0 
Simulation Time = 30 seconds 
Control Law Gain, k = 2.0 

The first issue to be explored is the use of the pre- 
filter. Figure 13 shows a comparison of linear controller 
performance where the linear network controllers were 
trained with and without the prefilter. The compar- 
ison shows that a controller that will suppress flutter 
can be obtained without using the prefilter, but it will 
have poor robustness properties. Typically, an accept- 
able flutter suppression control system will have control 
surface RMS values significantly below unity. Without 
the prefilter, only one value of A achieves acceptable 
control system performance. 

The next parametric variation considered a linear net- 
work where A and the turbulence gain were varied. The 
turbulence gain was varied for the open-loop simulations 
where the training data was acquired. A gain of three 
was used to evaluate the closed-loop performance. This 
data is shown in figure 14. From these data, it is ap- 
parent that a time delay between 25 and 35 achieves the 
best performance. It can also be observed that moder- 
ate levels of turbulence improve the performance of the 
network controllers. 
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Fig. 14 Linear network inverse model controller per- 
formance for varying A and turbulence gain. 
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Fig. 15 Comparison of nonlinear inverse model con- 
trol system response with and without the use of the 
prefilter. 

The use of a nonlinear network (sigmoid transfer func- 
tion on the hidden layer) is now considered. Figure 15 
shows a comparison between nonlinear networks trained 
with and without a prefilter as a function of A. An im- 
portant feature of the nonlinear result is that while the 
system may become unstable, the control command is 
limited by the saturation of the sigmoid transfer func- 
tions. Otherwise, the linear and nonlinear network con- 
trollers achieve similar levels of performance. To further 
explore the use of nonlinear network controllers, the tur- 
bulence gain and prefilter were varied. Figure 16 shows 
a comparison of the performance of nonlinear network 
controllers where the training data was obtained using 
various values of the turbulence gain. As with the lin- 
ear case, moderate levels of turbulence were found to be 
desirable. 

The next parameter to be considered in this study 
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Fig. 16 Nonlinear network inverse, model controller 
performance for varying A and turbulence gain. 
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Fig. 17 Inverse model controller performance as a 
function of the number of delayed network inputs. 
A=25. 

was the number of delayed inputs to use on the network 
controller. Figure 17 shows a comparison of performance 
of a linear and nonlinear network where the number of 
time-delayed inputs was varied from 0 to 60. The value of 
A in these analyses was 25. The systems were evaluated 
at two dynamic pressures, 175 psf and 195 psf. At 175 
psf dynamic pressure, the performance of the system was 
insensitive to the number of time delays, but at 195 psf 
dynamic pressure, a minimum value of 15 time delays 
was required. 

The final parameter considered is the excitation type 
used to obtain the training data. So far only a PPN 
excitation has been used. A comparison of PPN results 
with those obtained using a LSS excitation is presented 
in figure 18 for both linear and nonlinear controllers. 
Both types of excitations yield controllers with similar 
performance, but the PPN excitation appears to have a 
slight advantage over the LSS excitation. 
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Fig. 18 Linear and nonlinear inverse model con- 
trollers trained using PPN and LSS excitation. 

This completes the discussion on the inverse model 
control parametric studies. Note that not all param- 
eters were varied. Future studies should consider the 
use of the leading accelerometer sensor and the use of 
the spoiler. The amplitude of the control surface excita- 
tion was not varied, and sensor noise was not considered 
at all. The only control systems considered were SISO, 
yet the simulation model can be modified to use both 
leading-edge and trailing-edge accelerometers as input 
signals to the controller. Finally, a truly adaptive sys- 
tem needs to continually re-acquire data and train new 
inverse model controllers as the plant changes. This was 
not considered in the present study. 

Experimental Results 

This section of the paper describes experimental re- 
sults for application of inverse modelling control to the 
BACT model during the 1996 wind-tunnel test. The 
networks used during this wind-tunnel test all had 25 
time-delayed inputs to the network and 6 nodes on the 
hidden layer. These controllers were SISO with the in- 
put coming from the TE accelerometer and the output 
being sent to the TE control surface. Unless otherwise 
noted, the prefilter used is the same as that described in 
the preceding subsection. Due to time constraints only 
a limited number of parameter variations were explored 
experimentally. 

Two inverse model flutter suppression control systems 
were demonstrated. Figure 19 shows a portion of the 
TDT operating envelope with the BACT open-loop flut- 
ter boundary superimposed. The two inverse model 
control systems are designated A and B. System A was 
trained using data acquired at conditions well below 
the open-loop flutter boundary (M=0.65, q=r 133 psf). 
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Fig. 19 Inverse model flutter suppression data 
points acquired. Linear networks. A=25. fc=3.0 

System B was trained using data acquired above the 
open-loop flutter boundary (M=0.77, q=177 psf) with 
the loop closed. In both cases a PPN excitation was sent 
to the TE control surface when the training data was 
acquired. Both systems A and B used linear networks. 
As indicated in figure 19, both systems successfully sup- 
pressed flutter in excess of 35 psf above the open-loop 
flutter boundary. The response of the model for both 
systems was similar indicating that a fully adaptive sys- 
tem may be feasible as successful network controllers can 
be synthesized from data acquired with the loop closed 
above the open-loop flutter boundary. 

Inverse model controllers were explored for reducing 
the turbulence response subcritically (below the BACT 
open-loop flutter boundary). In this application, both 
the training data and closed-loop data were acquired at 
approximately the same tunnel conditions. For these ex- 
periments, the TDT Flow Oscillating Vanes 6 were used 
and data was acquired at several discrete vane frequen- 
cies. Figure 20 shows the open- and closed-loop response 
RMS of the model as a function of vane frequency. The 
open-loop response is indicated by the solid line with 
two distinct natural frequencies apparent. The inverse 
model controllers were both linear, and both systems sig- 
nificantly reduced model response between 3 and 4 Hz. 
The only difference between the two systems was the 
value of A used in the training. The larger value of A 
appeared to favor the frequencies below 3.5 Hz. while 
the smaller value favored the frequencies above 3.5 Hz. 

The final experimental data to be discussed will be the 
use of nonlinear networks to reduce turbulence response. 
Figure 21 shows the open- and closed-loop response RMS 
of the model as a function of vane frequency. Unlike 
the previous experimental results, these systems were 
trained using a prefilter that had a peak frequency of 
3.2 Hz. Training data acquired with PPN and LSS were 
used. Both systems reduced the turbulence response in 
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Fig. 20 Open- and closed-loop response to TDT flow 
oscillator system. Linear networks. fc=4.5. Training 
data acquired at M=0.7 and q=102 psf. Response 
data acquired at M=0.7 and q=101 psf. 
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Fig. 21 Open- and closed-loop response to TDT 
flow oscillator system. Nonlinear networks. A=28. 
fc=2. Training data acquired at M=0.7 and q=102 
psf. Response data acquired at M=0.7 and q=101 
psf. 

the vicinity of the target frequency. At vane frequencies 
above 4 Hz, the TE control surfaced angle remained vir- 
tually fixed and the model behaved as if open-loop. The 
PPN training yielded a control system that has lower 
response that the control system synthesized using the 
LSS data. This trend is consistent with the simulation 
results presented in figure 18 where for A = 25 the re- 
sponse levels are lower for controllers trained using PPN 
excitation than for those trained using LSS excitations. 

Concluding Remarks 

This paper has presented an exploratory application 
of neural networks to the control of aeroelastic response. 
The project was joint research and development effort 
conducted by the National Aeronautics and Space Ad- 



ministration and The Boeing Company (formerly Mc- 
Donnell Douglas). The objective of this project was 
to develop adaptive neural-network based control sys- 
tems. Three neural-network based control systems were 
developed and tested. The control systems were experi- 
mentally evaluated using the Benchmark Active Controls 
Technology (BACT) transonic wind-tunnel model in the 
Transonic Dynamics Tunnel (TDT). One system used 
a neural network to schedule flutter suppression control 
laws, another employed a neural network in a predictive 
control scheme, and the third employed a neural network 
in an inverse model control scheme. 

The gain scheduling control systems simply used a 
neural network to schedule classically-designed SISO 
control system parameters as a function of tunnel condi- 
tions (Mach number and dynamic pressure). The neural 
network was trained to output control system parame- 
ters which were then transferred to the real-time digital 
controller. The system successfully suppressed flutter 
and reduced system response. 

The predictive control system was implemented us- 
ing a linear network to model the plant. The plant 
model was synthesized on-line using experimental data, 
and the system successfully suppressed flutter. Of the 
three systems tested, this was the only truly adaptive 
system. The system was, however, only partially suc- 
cessful in the fully adaptive mode. The hardware and 
software required to implement this system with a non- 
linear network was not available for this investigation. 
For additional work in this area see references 20, 21, 
and 22. 

Linear and nonlinear inverse model controllers were 
successfully used to control aeroelastic response on the 
BACT wind-tunnel model. In each case, network control 
laws were synthesized directly from the time histories 
of model input and output data. Experimentally, an 
increase in flutter dynamic pressure of at least 20 psf 
was achieved, and a reduction in the RMS response of 
over 40% at the target frequency was achieved. 

It is important to note that this was an exploratory 
study, and significant further study is required to deter- 
mine the merits of using neural networks for aeroelastic 
control. The control systems discussed in this paper were 
just a few of the many control systems tested using the 
BACT model, and in genera! the performance of these 
neural network systems was poor compared with con- 
ventional control systems designed using classical and 
modern methods. Furthermore, the BACT model is an 
extremely simple and robust aeroelastic model and suc- 
cessful implementation using this model does not guar- 
antee success with a more realistic plant. 
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Abstract 



The purpose of this paper is to present a comprehensive bibliography of neural network application 
research in business during the period of 1994-1998. Our extensive literature searches have identified a total 
of 302 research articles. A classification of these articles by year reveals that a large amount of research has 
been published in the last five years. Production/operations, finance, marketing/distribution, and informa- 
tion systems were found as the most popular application areas. Information on neural network development 
language/tool, learning paradigm, computing operating environment, journals and authors are included. An 
in-depth comparison with the previous survey findings and potential future research trend in the neural 
network business research are discussed. 

Scope and purpose 

Due to the breakthrough of the neural network technology, there has been an increasing amount of neural 
network application research in the last decade. As a result, a considerable amount of published research has 
appeared, with a significant portion focusing on actual neural network development for business applica- 
tions. But a comprehensive bibliography of these research published in the last five years is not 
documented. © 2000 Published by Elsevier Science Ltd. All rights reserved. 

Keywords: Neural network; Bibliography 



1. Introduction 

Neural network computing is an approach that attempts to mimic certain processing capabilities 
of the brain. This machine learning technology has the ability to represent knowledge based on 
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massive parallel processing and recognize patterns based on experience. Since the 1980s, the drastic 
breakthrough of the computing technology has led to an increasing amount of neural network 
research on a wide variety of business functional applications. Most of these research findings 
pointed out that neural network technology could be successfully used in business and most of the 
time is superior to other techniques or technologies. A bibliography of these research studies 
published during the period of 1988-September 1994 was documented in Wong et al. [1]. The 
purpose of this paper is to present a comprehensive bibliography of these neural network business 
applications published after this period, compare the major changes of the research between the 
two periods, and discuss the future potential research trend. 

2. Research methology 

The literature search process involved three major steps. First, both ABI/INFORM database 
and Business Periodical Index (BPI) were searched using the keyword 'neural network' for the 
period covering 1994-1998. The ABI/INFORM database was the most important step in our 
literature retrieval process since it included more than 800 different business-related international 
journals. In this database, we were able to retrieve about 920 abstracts from the specified period. 

Second, a reference search of textbooks on neural networks and related topics was conducted. 
We considered a total of 14 textbooks: Bose and Liang [2], Browne [3], Chen [4], De Wilde [5], 
De Wilde [6], Golden [7], Goonatilake and Treleaven [8], Hagan et al. [9], Hunt et al. [10], Irwin 
et al. [11], Korn [12], Parks [13], Rzempoluck [14], and Van Rooif et al. [15]. However, these 
books were not that helpful since most references were on scientific applications. 

Third, 10 additional journals were also included in our manual search. The rationale was that (1) 
several prestigious journals known to publish neural network articles were either partially or not 
included in the ABI/INFORM database or BPI, and (2) some of these journals were deemed as 
being important in the MIS discipline [16-18]. These 10 journals were ACM DATABASE, Al Expert, 
Communications of the ACM \ Expert Systems: The International Journal of Knowledge Engineering and 
Neural Networks, IEEE Expert (renamed as IEEE Intelligent Systems & Their Applications in 1998), 
IEEE Transactions on Software Engineering, IEEE Transactions on Systems, Man, and Cybernetics, 
Information Systems Research, International Journal of Human-Computer Studies, and International 
Journal of Production Research. 

Not all the articles retrieved were included in our survey. Two criteria were applied in the 
selection process of the articles. Each article (1) should present the application of neural network in 
business and discussed either a prototype or a fully developed system, and (2) should have 
a stringent research methodology and have detailed discussions on the development process of 
neural networks. A large number of articles were eliminated because they were not business 
application types of research. 

3. Results 

We have identified a total of 302 journal articles. The Refs. [19 — 320] present the bibliography of 
these neural network business applications. Fig. 1 shows the distribution of articles published by 
year, including years 1988-1993. 
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Fig. 1. Distribution of articles by year. 



Table 1 shows 302 articles by area of application. Production/operations had the largest number 
of applications, followed by finance, marketing/distribution, information systems, accounting/ 
auditing, and human resources. In production/operations, the most popular research areas were 
part family/machine grouping, job shop scheduling, cellular manufacturing system design, and 
equipment/machine fault diagnosis/detection. Bankruptcy prediction of banks/firms was the most 
common application in the area of finance. 

The language/tool used in the development, the learning paradigm, and the type of computer 
operating environment of each neural network application are presented in Table 2. It is not 
surprising to find that the most common programming language was C/C + + , and the most 
common tools were NeuralWorks Professional, NeuroShell, and BrainMaker. In addition, back- 
propagation, ART, Hopfield and Radial Basis Function were the most popular learning paradigms 
of these neural networks. 

There were a total of 94 articles reporting the types of computing platform. Approxim- 
ately 62.8% (59 articles) reported the use of microcomputer, 35.1% (33 articles) reported 
the operation on minicomputer or mainframe, and 2.1% (2 articles) reported the utilization 
of both. 

Table 3 lists the journals that published the most neural network business applications. Journals 
such as Computers and Industrial Engineering, International Journal of Production Research, Euro- 
pean Journal of Operational Research, Computers in Industry, Journal of Manufacturing, and Com- 
puters and Operations Research are the more popular journals. The reason is quite obvious since 
there are many neural network applications in the area of production/operations, and these 
journals are more suitable for publishing in this area. 

These 302 articles were written by a total of 601 authors. Six authors did not report their 
affiliations. Out of 595 authors, approximately 87.1% (518 authors) were affiliated with 219 
different academic institutions and 12.9% (77 authors) were affiliated with 60 non-academic or 
business-related institutions. Also, approximately 47.5% (104 institutions) of the academic institu- 
tions were US institutions and 52.5% (115 institutions) were non-US institutions. Thirty-one of the 
60 business-related institutions (51.7%) were US institutions and the remaining 29 (48.3%) were 
non-US institutions. 
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Table 1 

Distribution of articles by application area 3 



Accounting/auditing 

Audit judgement task supporting [88] 

Auditor's going concern uncertainty decision prediction [178] 
Fraud risk assessment [115] 
Preliminary control risk assessment [87] 
Quarterly accounting earnings forecasting [49] 
Total: 5 

Finance 

Acquired and liquidated firms discrimination [214] 

Bankruptcy prediction of banks/firms [42,62,133,175,188,194,289,309] 

Bond trading [97,231,232,259] 

Capital market index forecasting [313] 

Change card default risk assessment [280] 

Commercial bank's market efficiency assessment [27] 

Commercial loan credit worthiness evaluation [111] 

Commodity future trading [216] 

Company failure analysis [251] 

Construction contract bond claims prediction [279] 

Corporate health estimation [166] 

Country risk rating prediction [58] 

Credit authorization [91] 

Credit evaluation [227] 

Credit scoring [177] 

Derivative securities pricing and hedging [129] 

Distress financial firms classification [161] 

Exchange rate forecasting [106,138] 

Federal reserve decision making [264] 

Financial distress forecasting [24] 

Financial prediction and trading strategies [221] 

Financial risk classification [226] 

Financial statement analysis and interpretation [158] 

Future spot rates predication [277] 

Futures trading volume forecasting [142] 

Initial public offering forecasting [119] 

Initial public offering pricing [136] 

Insurance problem examination [295] 

Insurer insolvency prediction [43] 

Interest rate prediction [215] 

Intermarket analysis [244] 

International equity risk premium prediction [94] 
Investment banking hiring prediction [192] 
Investment behavior investigation [98] 
Investment management [239] 
Loan classification [90] 
Mutual fund net asset value forecasting [67] 
Non-life insurance companies evaluation [157] 
Nonpayment prediction [206] 
Portfolio optimization [127,270] 
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Table 1 (continued) 



Real estate appraisal [314] 
Residential property values evaluation [78] 
Shipbuilding's scheduling system development [173] 
Spot exchange rates prediction [222] 
Stock market index prediction [152,281] 
Stock market holding period return investigation [312] 
Stock market indexes structure testing [19] 
Stock market volatility forecasting [44,92] 
Stock performance/selection prediction [34,316] 
Stock's systematic risk forecasting [311] 
Successful new ventures identification [137] 
T-bond market prediction [245] 
Total: 67 

Human resource 

Salesperson hiring [308] 
Total: 1 

Information systems 

Character recognition for personal digital assistant [315] 

Computer assess security [218] 

Computer program risk analysis engineering [147] 

Computer users authentication [242] 

Computer viruses recognition and classification [93,282] 

Database tables clustering [139] 

Document semantic indexing [60] 

Information retrieval [81,185] 

Intelligent networks' feature interaction management [284] 
Internet user modeling [201] 
Knowledge discovery and concept exploration [59] 
Organizations' IT adoption identification [252] 
Production systems' information integration [99] 
Software cost estimation [169,247] 
Software development [269] 
Software development effort estimation [103,310] 
Software fault prediction [255] 
Software maintenance task effort prediction [140] 
Software quality prediction [168] 
Text-editing goals identification [296] 
Total: 24 

Marketing/ distribution 

Competitive retail coffee market structure identification [118] 

Consumer choice prediction [306] 

Consumer segments identification [86] 

Franchising decision making improvement [187] 

Future order forecasting [204] 

Gasoline demand forecasting [174] 

Industrial market segmentation [104] 

International airline passenger forecasting [212] 

Long distance telephone usage [253] 



(continued on next page) 
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Table 1 (continued) 



Market responses prediction [292] 

Market segmentation [31] 

Market share forecasting [20] 

New investment product promotion [108] 

Product design [30] 

Product purchase frequency prediction [97] 
Relationship quality investigation [37] 
Sales forecasting [25,163,164,189] 
Solo mailing [317] 
Target marketing [318,319] 
Telephone interview response analysis [205] 
Total: 24 

Production I operations 

Abrasive flow machining operation [223] 
Acoustic emission behaviors evaluation [66] 
Adaptive optimal controlling [155] 
- Aging aircraft component inspection prediction [257] 
Aging aircraft safety prediction [190] 
Aircraft and machine tool pattern recognition [176] 
Arm trajectory formation [195] 
Automated guided vehicle system optimization [74] 
Automated material handling [121] 
Barley malting process [102] 
Beam landing adjustment [229] 
Bean vibration minimization [46] 
Bearing faults prediction [268] 
Boundary defect recognition [154] 
Building text's automatic content recognition [200] 
Capacity allocation [113] 
Car sequencing [262,263] 
Cell formation [71] 

Cellular manufacturing system design [70,165,237,238] 

Cerebellum motor learning [146] 

Charts pattern identification [22] 

Cold bending steel reinforcing bars automation [96] 

Colored object recognition [304] 

Complex grinding processes controlling [256] 

Computer vision inspection [55] 

Computer vision precise measurement [271] 

Control charts pattern recognition [131,132,260] 

Cost estimation [39,40,83,89] 

Cost estimation predictive modelling [261] 

Cost flow forecasting [41] 

Cutting tool monitoring [202] 

DC motor speed controlling [243] 

DOF Stanford manipulator design [208] 

Design retrieval [29] 

Electricity demand prediction [79] 

Equipment/machine fault diagnosis/detection [85,109,156,184] 
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Table 1 (continued) 

Facility layout optimization [285] 
Featured-based product cost estimation [320] 
Flexible beam's torque control [287] 
FMS designed analysis [191] 
Gas furnace identification [33] 
Group technology [143] 
Image inspection and verification [117] 
Incipient object slippage detection [51] 
Integrated circuit fabrication [272] 

Intelligent manufacturing control [124] , 
Intelligent package [29] I 
Job scheduling [123] 

Job shop scheduling [45,135,170,224,233,246,248,258] 
Lime granule quality inspection [53] 
Machine design [95] 
Machine fault diagnosis [126] 

Machine performance degradation measurement [171] 

Machine tools' thermal deformation [293] 

Machinery diagnosis [63] 

Machining knowledge acquisition [82] 

Manufacturing diagnosis [236] 

Manufacturing process control and monitoring [35] 

Manufacturing process parameter change detection [235] 

Manufacturing processes simulation [141] 

Manufacturing system simulation optimization [128] 

Manufacturing systems design and real-time reconfiguration [198] 

Manufacturing systems prediction [153] 

Material selection [112] 

Message passing system [160] 

Multi-objective FMS scheduling [149,199] 

Multicriteria solid transportation optimization [181] 

Multiple I/O data network routing optimization [288] 

Musculoskeletal system modelling [150] 

Naphtha cut point prediction [297] 

Nonlinear process control improvement [274] 

Non-stationary manufacturing process tracking [299] 

Oil quality rating [194] 

Part family grouping [75,148] 

Part family/machine grouping [47,61,84,100,144,159,182,275,276,294] 

Part positioning [54] 

Part-tool grouping [26] 

Peg-into-hole assembly operation [217] 

Plant identification and control [33] 

Plant location classification [38] 

Plant location optimization [291] 

Plasma etch processing [241] 

Process control [64,101] 

Process mean shift detection and classification [57] 
Process modelling and controlling [307] 
Process planning [197] 
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Table 1 (continued) 



Product manufacturability controlling [73] 

Products quality modelling [120] 

Progressive die design [186] 

Quality control [191] 

Quality controller [68] 

Raw material purchasing [151] 

Resource constrained scheduling [266] 

Retrieving systems design [56] 

Road tunnel ventilation controlling [107] 

Robot arm impedance controlling [286] 

Robot manipulator controlling [179] 

Robot tracking controlling [219] 

Robotic die polishing [162] 

Robotic grasping system design [209] 

Rolling mill - process control [107] 

Rotating-Machinery performance analysis [183] 

Schedule assessment [1 14] 

Sheet metal parts classification [116] 

Signal monitoring system [145] 

Single machine mean tardiness [246] 

Slip resistance prediction [290] 

Star-LAN design optimization [110] 

Statistical process control [65,80] 

Steel manufacturing [249] 

Steel mill prediction scheduling [302] 

Steel plant's real-time process control [250] 

Steel temper mill presetting [225] 

Surface flows identification [298] 

System reliability estimation [77] 

Tandem cold mill production model [69] 

Three-link robot's smooth trajectory tracking [130] 

Tool path planning [273] 

Tool wear monitoring [230] 

Touch trigger probes' travel map establishment [254] 
Toys and consumer electronics' speech processing [210] 
Trickling filter performance prediction [228] 
Unit commitment and power demand prediction [36] 
Vehicle controller [32] 
Vehicle detection [193] 
Vehicle driving comfort prediction [48] 
Vehicle routing problem [283] 
Waste treatment [267] 
Wave soldered joints inspection [134] 
Wear equation identification [211] 
Welding quality improvement [203] 
Total: 163 

Others 

Airline passenger volume prediction [213] 
Autoregressive moving average model identification [172] 
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Business value and organizational variables identification [234] 
Construction firms* subcontractor rating [23] 
Consumer's expenditure forecasting [76] 
Economic growth forecasting [21] 
Electronic meeting output classification [220] 
Expenditure system model estimation [301] 
Forecasting method selection [72] 
Forecasting model selection [240,265] 
Industrial production index analysis [105] 
Organizational decision making [303] 
Organizational structure modelling [300] 
Real-time macroeconomic forecasting [278] 
Residential construction demand forecasting [125] 
Risky projects' economic analysis [28] 
Simultaneous equation systems forecasting [52] 
Strategic business planning [180] 
Time series analysis [50] 
Time-series forecasting [122,167] 
Time-tabling problem [196] 
Total health care costs prediction [207] 
Warranty claims forecasting [305] 
Total: 25 



a There are two applications in article [29,33,97,107,191,194,246]. 



4. Comparisons with the previous survey [1] 

Overall, the amount of research has been increasing in the last decade. It should be noted here 
that the number of research studies has stayed almost the same in years 1995-97 and has dropped 
significantly in 1998. We believe that it is not that simple to draw any conclusion on this situation. 
The possible explanation is that researchers are beginning to have more interest to conduct 
research in other artificial intelligence techniques, such as genetic algorithm and fuzzy logic. Also, 
some new journals that published neural network applications might not be included in the scope 
of our search. 

As compared with the last survey, production/operations and finance were still the most 
common research application areas. It is interesting to find that the number of research studies in 
marketing/distribution and information systems has significantly increased. On the other hand, 
there were still only a few research studies in accounting/auditing and human resources, and their 
number of articles stayed approximately the same. 

In the area of production/operations, the most popular research applications were still part 
family/machine grouping, job shop scheduling, and equipment/machine fault diagnosis/detection. 
However, less amount of research has been conducted on the area of process control. 

Bankruptcy prediction of banks/firms remained a common research area in finance, but there 
was a sharp decrease in the number of studies on stock performance/selection prediction in 
comparison with the previous survey. Instead, our survey indicated that there were more in-depth 
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Table 2 

Neural network characteristics by article 3 



Article Language/tool 


Learning paradigm 


Computer operating environment 
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Table 2 (continued) 



Article Language/tool 


Learning paradigm 


Computer operating environment 
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Hopfield 
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Table 2 {continued) 



Article Language/tool Learning paradigm Computer operating environment 
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Element (ADANLINE), 

Backpropagation, 

Pocket Algorithm with Ratchet 




[132 j 


C + + 


Backpropagation 


Microcomputer 


nit: 


NR 


NR 


NR 




MATLAB, 


Backpropagation 


NR 




CELESTIN 






[MS] 


NeuroShel! 2 


Backpropagation 


NR 




NR 


ART-2 


i > i\ 




NR 


NR 




L * * "J 


Microsoft Visual Basic 3.0, 


Backpropagation 






Ward System Group Neuro Windows 




r 1 veil 


Gauss ANN 


NR 


MP 
INK 


r * ■w* 


NR 


NR 


INK 


I 1 * A j 


FORTRAN 


Kohonen's Self Organizing 
Feature Map 


oun bparc station 


5. ■! - - - J 


NR 


Backpropagation 


NR 




C 


Backpropagation 


NR 




C + + for Windows 


NR 


486 66 MHz Microcomputer 


CH5] 


NR 


Backpropagation 


NR 




Turbo C+ +, 
Logical Systems C 


ARTMAP 


486 33 MHz Microcomputer 




NeuroShell 


Backpropagation 


NR 




NR 


Backpropagation 


NR 


f 129 s 


NR 


Backpropagation 


Sun Sparc Workstation II 




NR 


Adaptive Heuristic Critic 


NR 


[Hi] 


NR 


NR 


NR 


[152] 


NR 


ART 


NR 


[1331 


NR 


Ontigenic 


NR 


n:>4i 


C 


Backpropagation 


386 Microcomputer 




NR 


Hopfield, 
Backpropagation 


486 333 MHz Microcomputer 
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Table 2 (continued) 



Article Language/tool 



Learning paradigm 



Computer operating environment 



[136] NR 

[137] Neural Works Professional II/PIus 

[138] NR 

[139] NR 

[140] PlaNet v5.6 

[141] C, 

SNNS 

[142] NTRAIN 

[143] NR 

[144] NR 



[145] NR 
[146] NR 



[147] NR 

[148] C + + 

[149] NR 

[150] NR 

[151] NR 

[152] NR 



[153] NR 

[154] NR 

[155] NR 

[156] NR 

[157] Pascal 

[158] C 

[159] C + + 

[160] NR 



[161] NR 
[162] NR 
[163] NR 
[164] NR 
[165] NR 
[166] C 

[167] Hybrid Backpropagation, 
Turbo-Pascal, 
Turbo Vision 



NR 

Backpropagation 
Backpropagation 
Kohonen 
NR 

Backpropagation 

NR 

ART-1 

ART-l/KS, 

ART-1/KSC, 

Fuzzy ART 

ART-2, 

ART-2A, 

Cascade Correlation 

Backpropagation, 

Parallel Layer Weight 

Recursive Least-Squares, 

QR Decomposition Algorithm 

Backpropagation 

NR 

Kohonen 
NR 

Backpropagation 
Backpropagation, 
Probabilistic Neural Network, 
Recurrent Neural Network 
NR 

Backpropagation, 
Hopfleld 
Backpropagation 
ART-2 

Backpropagation 
Boltzmann Machine 

NR 

Backpropagation, 

Neocognitron, 

Hopfield 

Backpropagation 
Backpropagation 
NR 

Backpropagation 

Backpropagation 

NR 

NR 



NR 

486 Microcomputer 

NR 

NR 

NR 

Sun Sparc 5 Workstation 

486 DX 266 MHz Microcomputer 

386 Microcomputer 

NR 



NR 



NR 



NR 

IBM RS/6000 

NR 

NR 

NR 

NR 



NR 
NR 

NR 
NR 
NR 

Sun Sparc, SLC, 
NeXT computer 
IBM RS/6000 
NR 



NR 

Microcomputer 

NR 

NR 

NR 

NR 

486 50 MHz Microcomputer 



(continued on next page) 
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Table 2 (continued) 



Article Language/tool 


Learning paradigm 


Computer operating environment 


r 1681 


Freeware Program Developed 


Backpropagation 


NS 




at U. of Bari 








NR 


NR 


NR 
i ^iv 


n?m 


NR 


Backpropagation 


SIMD Type of Parallel 

Comnntpr with ?S6 

V/UlllpU Willi */\J 

Propp^snr 


i. * • * j 


NR 




MR 

IN fv 


I.* A *J 


NR 


odCKpropagdiion 


MR 
INK 


im 


UNIK-NEURO 


NR 




j"174*i 


UNIK-NN 




MR 


f i7Sl 
L A ' - J 


Npll^al^V^>^k'^ Professional 0 


SOFM, LVQ 


NR 


i.* '"J 


NR 


Rnpknrona cation 


OY 66 MH7 Mirrorommitpr 

JLr/\ UU 1VJ.JTIZ IVI KJ^rKJillyU IC1 


r 1 7?i 


NR 


Rurlf nrona out inn 


rniNV^ licui ucunipuici 


im 


N-NET 


NR 


UI<UII1JJU LCI 




NR 


neooidn, 
Backpropagation 


MR 
IN Iv 




Visual Basic 


oacKpropagaiion 


Microcomputer 




A/fnthf^mntipn tool 


NR 


Pentium 133 MHz Microcomputer 




Turbo C 


ART-1 


NR 




NR 


I3>U lid I ll/CU V^lVl/W^ 


ASlf\ \Ai pm^Ani r\n tAr 

t-oo lviicroC/Ompuier 


F t 34": 


r 


Backpropagation 


NR 




MR 


Kohonen's Feature 
ividp Aigorunm 


f~Yav Siiner Comnutpr 

V — -1 d J JUUvl V^vJllI |J U L\/l 




MR 


Backpropagation 


X TT> 


J. l * - 


Rra i n \A a Vpr 


tsacKpropagauon 


joo jl^a 4U Microcomputer 




MR 
In K 


INK 


INK 


1. j 


Mpiirn^hpll ? 
1NCUI OOIICll z 


oacKpropagauon, 
General Regression NN 


*V/x Kyi 1 Ot*AOOTVl «M1 #Ot" 

joo iviicrocompuier 




\T al , t-/"wC V\»1 1 ") 

iNeurooneii z 


Backpropagation, 
General Regression NN, 
Probabilistic Neural Network 




l xyi } 


r <\TMAN 

V/, OllVlAVIN 


r uzzy AK 1 MAr 


Intel s rersonal 
Supercomputer (IPSC) 




MR 
IN K 


MR 
INK 


MR 
Ink 




NR 


Ixctvlldl Daslo r UI1L.IHJ11 


MR 




NeuralWorks Professional II 


MR 

IN K 


MR 




NR 


NR 


NR 




C 


Hopfield 


486 33 MHz Microcomputer 




NR 


NR 


NR 


CI9B3 


NR 


Backpropagation 


NR 


f .199 j 


MATLAB 


Kohonen 


NR 


[200] 


KBS-Class 


NR 


NR 


im 


NR 


Backpropagation 


NR 


im 


NR 


Kohonen's Unsupervised 
Feature-Maps, Backpropagation 


NR 


mi 


SAS 


Backpropagation 


Microcomputer 


C2Mj 


NeuralWorks Professional II 


NR 


NR 


(2(»:s3 


CATPAC 


Clustering Algorithm 


NR 
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Table 2 (continued) 



Article Language/tool Learning paradigm Computer operating environment 



[206] NR General Regression NN, NR 

Backpropagation 

[207] HR General Regression NN NR 

[MS] NR Backpropagation NR 

[209] NR NR NR 

[210] NR Backpropagation NR 

\2\Y\ NR Neuro-Fuzzy GMDH algorithm NR 

[212] NR NR NR 

[213.3 NK Backpropagation NR 

[214] NR Backpropagation NR 

{115} C NR NR 

[216] NR Backpropagation NR 

PIT] NR Reinforcement Network NR 

[218] € Backpropagation, 486 Microcomputer 

Sum-of-Product Algorithm, 

Hybrid Sum-of-Products 

Algorithm 

(219} NR NR 486 Microcomputer 

[220] NR KohonenSOM NR 

pan NR NR NR 

[222] NR NR NR 

[223] BrainMaker Backpropagation 486 DX 66 MHz Microcomputer 

[224] NR Backpropagation NR 

[22:5] NR Backpropagation NR 

[226] NR Modified Backpropagation Sun-4 Machine 

[227] NR Backpropagation Convex-C240 

[22$] NETS Software NR 386 SX 25 Microcomputer 

[229] NR NR NR 

[230] NR Backpropagation NR 

[231] NR NR NR 

mi] NR NR NR 

[233] NR NR NR 

[234] NeuroShell NR NR 

[235] NR NR NR 

1*236] NR Backpropagation NR 

[237] NR NR NR 

[238] NR Cluster Centre Seeking (CCS) NR 

Algorithm 

T239] NR Backpropagation NR 

[240] FORTRAN NR * IBM Mainframe 

[24!] NR Backpropagation NR 

[242] NR NR NR 

[243] NR Extension to Hopfleld, NR 

Cohen-Grossberg 

[244] NR Back-Percolation Algorithm NR 

[245] Predict NR NR 

f 246 J C Modified Hopfield Network Sun Sparc 2 Workstation 

[247] NR CMAC NR 



(continued on next page) 
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Table 2 (continued) 


Article Language/tool 


Learning paradigm 


Computer operating environment 






— — ^ - - — 

Hopfield, 


, « — , — w 

NEC PC-980/DA 






Boltzmann 






NR 


NR 


MR 


[250] 


Quick C, 


Backpropagation 


NR 




NeuralWares Nworks Explorer 








NR 


SOFM 


NR 


[252] 


NR 


Backpropagation, 


NR 






Newton-Raphson Algorithm 




U^j 


GRG2-Based System 


Backpropagation 


IBM RS/6000 model 530 


[254] 


BrainMaker 


Backpropagation 


Microcomputer 90 MHz 


[255] 


NR 


NR 


NR 


[256] 


NR 


Radial Basis Function 


NR 




NeuroShell 2 


Backpropagation 


386 Microcomputer 


[2S$] 


NR 


Backpropagation 


386 33 MHz Microcomputer 




Pascal 


Quickprop Algorithm, 


NR 






Cascade-Correlation 






NR 


NR 


NR 




NR 


Backpropagation 


NR 




NR 


SOF, Hopfield 


NR 




NR 


Hopfield 


NR 




NR 


NR 


NR 


[265] 


BrainMaker 


NR 


Microcomputer 


[2*>] 


NR 


Backpropagation, 


NR 






ART 




[2671 


NR 


NR 


NR 


[26B] 


NR 


Cascade Correlation 


NR 


12693 


NR 


Backpropagation 


386 Microcomputer 


[27Q3 
[270 


NR 


Probabilistic Neural Networks 


NR 


Parallel Distributed 


NR 


486 DX2 Microcomputer 




Processing Software 






[272] 


NR 


ART 


Microcomputer 


[2733 


NR 


SOM 


486 Microcomputer 


(2743 


NR 


NR 


NR 


[275] 


FORTRAN 77 


Fuzzy ART, 


IBM 4381 Mainframe 






ART-1 




vm 


NR 


Fuzzy ART 


Notebook 


[2 •' ? j 


NR 


NR 


NR 


[278] 


NK 


General Regression NN 


NR 


[2793 


c 


NR 


DEC Station 5000/200 Ultrix Work- 








station 


tm 


WifcN'N™ 


Backpropagation 


Microcomputer 


[2*13 


NR 


Radial Basis Function 


NR 


[2S2] 


NR 


Backpropagation 


NR 


[2S3] 


C 


SOFM 


Sun Sparc 10 Workstation 




ASPIEiN/MIGRAINHS 


NR 


NR 


[2853 




Backpropagation 


Sun Sparc 10, 



HP9000/710 computer 
(2^6j NR Backpropagation NR 
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Table 2 (continued) 



Article Language/tool Learning paradigm Computer operating environment 



[287] 


NR 


Backpropagation 


NR 


[288] 


NR 


NR 


NR 


[289] 


NR 


Backpropagation 


NR 


[290] 


NR 


NR 


NR 


[291] 


NR 


Hopfield-Tank Network 


NR 


[292] 


NR 


NR 


NR 


[293] 


MATLAB 


Backpropagation 


NR 


[294] 


NR 


Competitive Learning, 


Microcomputer 






ART, 








SOFM 




{2951 


C 


NR 


NR 


[296] 


SunNet Simulator 


Backpropagation 


SUN 4 


(29?] 


NR 


Backpropagation 


486 DX2 33 MHz Microcomputer 


rmj 


NR 


Backpropagation 


NR 


[299] 


NR 


Radial Basis Function 


NR 


POO] 


NR 


NR 


NR 




NR 


Monotonic Backpropagation 


NR 


im 


NR 


Monotonic Backpropagation 


NR 


iWj 


NR 


Backpropagation 


NR 


[304] 


NR 


NR 


NR 


[505] 


NR 


Backpropagation 


NR 


[306] 


NR 


Backpropagation 


NR 


[307] 


C 


Counterpropagation 


SUN Microsystem 


P0S] 


NR 


Convergence Algorithm 


NR 




RrainMaker 

UL dill IV 1 ClIYVl 


Rack r>ro natation 

LICIVIV L/l V UUwii LI V/ll 


Microcomputer 


[310] 


NR 


Backpropagation 


NR 


PI.Q 


NR 


General Regression NN 


NR 


P123 


NR 


NR 


NR 


[313] 


NevProp Software 


Backpropagation 


NR 


[3i4] 


@Brain, NeuroShell 


NR 


486 33 MHz 








Microcomputer 


[315] 


NR 


Backpropagation 


NR 


[316] 


C 


Backpropagation 


VAX 11/750 


[317] 


NR 


NR 


NR 


[318] 


NR 


Backpropagation 


NR 


[319] 


NR 


Backpropagation 


NR 


[320] 


MATLAB 


Backpropagation 


NR a 



a NR = not reported. 



studies on stock market, including stock market index prediction [152,281], stock market holding 
period return investigation [312], stock market indexes structure testing [19], stock market 
volatility forecasting [44,92], stock's systematic risk forecasting [311]. 

In the information system area, there was only one study on software application in the last 
survey. However, our review had eight software application related studies, including software cost 
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Table 3 

Top journals publishing neural network applications 
Journal 



Computers and Industrial Engineering 
International Journal of Production Research 
Computers in Industry 
European Journal of Operational Research 
Decision Support Systems 

IEEE Transactions on Systems, Man, and Cybernetics 

Journal of Manufacturing Systems 

IEEE Expert (Intelligent Systems & Their Applications) 

Computers and Operations Research 

HE Transactions 



estimation [169,247], software development [269], software development effort estimation 
[103,310], software fault prediction [255], software maintenance task effort prediction [140], and 
software quality prediction [168]. 

In terms of the computer platform, approximately 60% of the research studies used microcom- 
puter in both surveys. Of 53 applications reporting the types of languages in this survey, only three 
(5.7%) studies used Pascal to develop neural networks. Since there was 29.2% in the last review, it 
is quite obvious that Pascal is not a popular language anymore. Instead, the percentage of using 
C/C + + has increased from 50% to approximately 67.9% (36 articles). It is also interesting to find 
that NeuralWorks Professional, NeuroShell, and BrainMaker remained the most popular tools, 
and backpropagation, ART, Hopfield, and Radial Basis Function were still the most common 
learning paradigms. 

Both Computers & Industrial Engineering and International Journal of Production Research 
remained the most popular journals publishing neural network business applications in both 
surveys. Interestingly, European Journal of Operational Research was not in the ranking list in the 
last survey, but became the third most popular journal in this survey. 

The majority of authors still came from academic institutions and remained almost the same 
percentage as compared with the last review. However, the percentage of US institutions has 
dropped from approximately 70 percent to less than 50 percent. 

5. Future trend 

There is no doubt that production/operations and finance will still be the most common research 
areas in the future. Three possible reasons are accounting for this: (1) production/operations and 
finance usually involve a lot of difficult, complex, and non-linear applications, and neural networks 
technology is a tool that can handle these problems efficiency and effectively; (2) the accessibility of 
raw data is relatively easy; and (3) there are many potential real-world applications in the area 
of production/operations and can, therefore, simulate academics' and practitioners' interest in 
conducting research. 



Count 

yy 

30 

21 

U 
10 

9 

xH 

8 
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Marketing/distribution is also a fast growing research area. More marketing researchers and 
practitioners are beginning to become aware of the value of neural networks in classification and 
forecasting since they have been applying this technology successfully in market segmentation 
and sales forecasting. In fact, some studies pointed out that neural networks could outperform 
other techniques/technologies traditionally used in the marketing analysis (e.g. [20,25,37,163]). 

Academics and practitioners will be more interested in applying neural networks to explore real 
world applications and to conduct in-depth applications analysis, as evidenced by those applica- 
tions in computer software and market segmentation/forecasting in our survey. This trend will 
probably continue since neural networks become a mature technology after more than 10 years' 
research in the business area. 

Since there are many powerful neural network tools developed for the microcomputer platform, 
many researcher/developers still prefer to use microcomputers even though its processing speed 
could be a concern in some sophisticated applications. It should be noted here that these neural 
network tools always have upgrade versions with additional capabilities, such as NeuralWorks 
professional II/Plus v5.23, NeuralShell 2, and BrainMaker v3.7. This also explains why they can 
remain the most popular tools for development. 

Those journals publishing production/operations will probably still dominate in the future since 
there are a variety of potential research applications in this area. Also, the relatively ease of 
accessing raw data and the actual implementation of real-world application simulate a lot of neural 
network research studies in the manufacturing environment. 

Although there is an increasing percentage of non-US institutions involved in the development 
of neural network applications, the authors speculate that such growth will not persist. This is due 
to the fact that many countries' information technologies are not as advanced as that of US, and 
their adoption of neural network technology can lag behind a few years. Therefore, such an 
increase only reflects the fact that neural networks have started catching the attention of the 
non-US researchers/developers in the last five years. 

6. Limitations of the study 

Readers should be cautious in interpreting the results of this survey, since the findings are based 
on data collected only from journal articles. The results therefore do not include all actual neural 
network applications. Second, due to the lengthy journal review process, the neural networks 
reported in our surveyed articles are likely to lag behind the actual adoption of neural networks in 
the real world. Third, we have reviewed academic/professional journal articles only. Conference 
proceedings and doctoral dissertations are excluded, as we assume that high-quality research is 
eventually published in academic/professional journals. Also, many foreign journals and new 
journals might not be included in our review since they were not within the scope of our 
computer/manual search. 

7. Conclusion 

Our literature survey results and the comparisons with the previous review has revealed 
some insights into the trends of neural network research. It is hoped that this can help 
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researchers/practitioners to better understand the current status of this state-of-the-art technology 
in the business applications. 
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ABSTRACT 

The Adaptive Neural Control of Aeroelastic Response (ANCAR) program is a joint research and development effort 
conducted by McDonnell Douglas Aerospace (MDA) and the National Aeronautics and Space Administration, Langley 
Research Center (NASA LaRC) under a Memorandum of Agreement (MOA). The purpose of the MOA is to cooperatively 
develop the smart structure technologies necessary for alleviating undesirable vibration and aeroelastic response associated 
with highly flexible structures. Adaptive control can reduce aeroelastic response associated with buffet and atmospheric 
turbulence, it can increase flutter margins, and it may be able to reduce response associated with nonlinear phenomenon like 
limit cycle oscillations. By reducing vibration levels and loads, aircraft structures can have lower acquisition cost, reduced 
maintenanw, and extended lifetimes. 

Phase I of the ANCAR program involved development and demonstration of a neural network-based semi-adaptive flutter 
suppression system which used a neural network for scheduling control laws as a function of Mach number and dynamic 
pressure. This controller was tested along with a robust fixed-gain control law in NASA's Transonic Dynamics Tunnel 
(TDT) utilizing the Benchmark Active Controls Testing (BACT) wing. During Phase II, a fully adaptive on-line learning 
neural network control system has been developed for flutter suppression which will be tested in 1996. This paper presents 
the results of Phase I testing as well as the development progress of Phase EL 

Keywords: Neural Networks, Active Vibration Control, Flutter Suppression, Smart Structures, Aeroservoelasticity 

1. INTRODUCTION 

The Adaptive Neural Control of Aeroelastic Response (ANCAR) program is a joint research and development effort 
conducted by McDonnell Douglas Aerospace (MDA) and the National Aeronautics and Space Administration, Langley 
Research Center (NASA LaRC) under a Memorandum of Agreement (MOA). The purpose of the MOA is to cooperatively 
develop and demonstrate the smart structure technologies necessary for alleviating undesirable vibration and aeroelastic 
response associated with highly flexible structures. Implementation of these technologies, which include neural networks, 
fiber optics, and adaptive materials, will enable future aircraft to be more lightweight and flexible, thereby increasing 
affordability. 

1.1 Background 

Aeroservoelasticity (ASE) is a multidisciplinary technology that deals with the interactions of an aircraft's flight control 
system, its flexible structure, and the aerodynamic forces resulting from its rigid-body and flexible motions. A major focus of 
ASE research and development has been the demonstration of advanced active control concepts that interact with and/or 
exploit the aeroelastic characteristics of flexible structures. Over the past quarter century, NASA LaRC has been involved in 
several wind tunnel test programs specifically focused on the demonstration of active control systems for flutter suppression. 1 
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These active flutter suppression (AFS)' systems 

(3) fully adaptive. All of these systems make use of feedback control techniques which utilize sensors for measuring the wing 
response and actuators for affecting the wing response. With the non-adaptive method, the control law is fixed for all time. 
The semi-adaptive method utilizes a variable gain controller which schedules the control law as a function of relevant 
parameters such as flight conditions. The fully adaptive method requires no prior knowledge and self-organizes to suppress 
flutter under a changing environment. This method is hence the most attractive, since it offers the greatest potential for 
overall performance, robustness, fault tolerance, and reduced control system design cost. A linear fully adaptive AFS system 
was developed and tested by General Dynamics using a 1/4 scale F-16 wind tunnel model with conventional sensors and 
actuators. Their final report 2 provides an excellent summary of the issues involved in developing adaptive AFS systems. 

The motivation behind the ANCAR program lies in the application of smart structures technology for enabling future 
aircraft to be more lightweight and flexible. Smart structures utilize embedded fiber optics, piezoelectric transducers, shape 
memory alloys, and other advanced techniques for achieving widely distributed sensing and actuation within the structure. 
Advanced algorithms and processors are required to efficiently utilize the massive amount of data provided by a smart 
structure. Artificial neural networks, which provide effective large scale parallel processing and adaptation performance, are 
•extremely attractive for implementing the "brain" of a smart structure. For this reason, the ANCAR MOA was drafted by 
NASA and MDA to cooperatively develop and test the neural network technology required for application of a smart structure 
flutter suppression system. 

1.2 Program Objectives 

The ANCAR program has been divided into three phases, with each phase defined below: 

I. Semi-Adaptive Neural Control of Flutter on a Simple Wing with Conventional Aerodynamic Control 
Surfaces 

n. Fully Adaptive Neural Control of Eutter on a Simple Wing with Conventional Aerodynamic Control 
Surfaces 

EI. Fully Adaptive Neural Control of Flutter on a Smart Structure Wing with Smart Material and 
Conventional Aerodynamic Actuators 

The specific objective of Phase I was to apply neural network technology to improve control performance over that of a 
conventional fixed-gain controller. Implementing a semi-adaptive, pre-trained neural network controller was a low risk, 
conservative first step. The objective of Phase II is to use on-line learning neural networks to implement a fully adaptive, 
self-optimizing controller for AFS. Both Phases I and II are using NASA's Benchmark Active Controls Testing (BACT) 3 
wing, which is a simple wing model with conventional control surfaces. Phase III will utilize NASA's Piezoelectric 
Aeroelastic Response Tailoring Investigation (PARTI) 4 wing with smart material sensing and actuation. This phased 
approach allows gradual development and testing of neural network-based control beginning with semi- adaptive control of a 
simple wing model and ending with fully adaptive control of a smart structure wing. 

1.3 Approach 

The approach to the Phase I objective of developing a neural network-based semi-adaptive flutter suppression system was 
to train a neural network to schedule single-input/single-output (SISO) control laws as a function of Mach number (M) and 
dynamic pressure (q). This neural network then provided control law parameters to a real-time digital controller for 
stabilizing the BACT wing using one accelerometer sensor and one trailing edge flap. The approach to meeting the Phase II 
objective of fully adaptive flutter suppression was to develop and implement a Model Predictive Control (MPC) architecture 
using an on-line learning neural network for the internal model. 

The following sections describe the test article, the Phase I semi-adaptive control system architecture and wind tunnel test 
results, and the Phase II fully adaptive control system architecture and simulation results. The Phase II system will be tested 
in the wind tunnel in early 1996. 
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2, EXPEBiMENmL m$T SETUP" 

The Benchmark Active Controls Testing (BACT) wing model was chosen as the test article for the first and second phases 
of the program since it is a simple, well understood model which exhibits classical flutter phenomena, at a frequency of 
approximately 4-5 Hz, that develops very gradually and can be easily extinguished with a mechanical snubber system. The 
BACT wing, shown in Figure 1, is a rigid wing attached to a flexible mount system known as the Pitch And Plunge Apparatus 
"(PAPA). The trailing edge aileron was used as the control surface and the inboard trailing edge accelerometer was used as the 
feedback sensor. A pair of independently actuated upper and lower-surface spoilers are also available for control and may be 
used in future testing. 




Figure 3 , Benchmark Active Controls Testing (BACT) Wing McxfcS 



Wind-tunnel testing was conducted in the NASA Langley Transonic Dynamics Tunnel (TDT) 5 . The TDT is a single- 
return variable-density transonic wind tunnel. The slotted test section is 16 ft. by 16 ft square with cropped comers. The 
speed and pressure are independently controllable over a range of Mach number from 0.0 to 1.2 (unblocked), and a range of 
stagnation pressure from near zero to one atmosphere. Either air or a heavy gas (R-12) can be used as the test medium. The 
TDT is also equipped with quick-opening bypass valves which can be activated to rapidly reduce test-section dynamic 
pressure and Mach number when flutter occurs. The combinations of large scale, high speed, high density, variable pressure, 
and the bypass-valve system make the TDT ideally suited for aeroelastic testing. The open-loop flutter boundary for the 
BACT wing in the TDT is shown in Figure 2. 
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Figure 2. BACT Wing Open-Loop Flutter Points 
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3. SEMI-ADAPTIVE ACTIVE FLUTTER SUPPRESSION SYSTEM (PHASE I) 



This section describes the semi-adaptive control system architecture developed during Phase I, and discusses the 
associated wind tunnel testing and performance results obtained. 

3.1 Control Architecture 

The architecture of the semi-adaptive control scheme is illustrated in Figure 3. The NASA Active Digital Controller 
(ADC) 6 , hosted on a Sun workstation, was used as the real-time digital control system, operating at a rate of 200 Hz. The 
trained neural network was implemented on a Macintosh computer which downloaded the scheduled control laws to the ADC. 
As shown in Figure 3, the output of the neural network consisted of control law parameters in the continuous time domain. 
These parameters were then converted to discrete state space matrix coefficients through a standard Tustin continuous-to- 
discrete transformation. 

Using state-space models of the BACT wing developed by NASA with the Integrated Structures and Aerodynamics and 
Controls (ISAC) code 7 , a single optimized control law was designed at each specific M and q condition using the MATLAB 
Control Toolbox and SIMULINK simulation software. The neural network was then trained with M and q as inputs and 
control law parameters as outputs. As the wind tunnel operating conditions were varied, new values of M and q resulted in a 
new control law as interpolated by the trained neural network. This new control law then provided updated parameters for the 
real time SISO discrete state space control implementation. A robust, fixed-gain control law was also designed to operate 
- across the entire range of M and q conditions. The performance of these systems was evaluated first in simulation and then 
finally in the NASA wind tunnel. 
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Figure 3. Neural Network-Based Semi-Adaptive Control Architecture 



2&2 ?Sm Vol m ? 



3X I Fi5ced-Oalix Cimirbl Law 



The fixed-gain robust feedback control law was designed to stabilize and minimize the RMS wing motion over the entire 
dynamic range of the state space models furnished by NASA (M=0.3,q=75 to M=0.9,q=250). In addition to this 
compensation, the overall feedback transfer function included the necessary analog antialiasing filter and the transport lag 
introduced by the discrete digital computer implementation of the control law. A rigid body washout filter was included in 
"the compensation to eliminate any drift due to bias errors in the accelerometers. Root-locus pole and zero placement methods 
were used to design the fixed-gain robust feedback control law given below: 



The fixed-gain compensation provided four poles at -5, -10, and -6 ± 15i and three zeros at 0 and -6 ± 22i. To illustrate 
the qualitative effect of this compensation, consider the BACT wing dynamics for a typical open-loop flutter condition 
(M=0.77, q=162 psf). While the state space models were of order 14 (14 poles and 14 zeros), eight zero-pole pairs can be 
effectively canceled due to their relatively close locations far from the imaginary axis. This results in a reduced order BACT 
model composed of six poles and six zeros. The locations of these poles and zeros in the complex .r-plane are illustrated in 
Figure 4. Note that at this tunnel condition, two poles are slightly to the right of the imaginary axis, resulting in an unstable 
open-loop plant. The plant is also non-minimum phase, with right-half-plane zeros. 



Figure 5(a) illustrates the movement of the closed-loop poles obtained with the robust fixed-gain compensation. The slot- 
filter, composed of the pole at -6 ± 15 and the zero at -6 ± 22, pulls the closed-loop pole significantly farther into the left-half 
plane, resulting in greater damping. The location of the slot-filter was designed to minimize the RMS wing motion over the 
entire dynamic range of M and q. 

3.1.2 Neural Network Scheduled Control Laws 

For the neural network scheduled control laws, the slot-filter described above was tailored for the wing model pole-zero 
dynamics at each particular M and q. Figure 5(b) illustrates the location of the slot-filter and resulting root locus for the open- 
loop flutter condition example discussed above (M=0.77 and q=162 psf). This custom slot-filter, located at -6 ± 29.5 and -6 ± 
24.2, pulls the root locus significandy farther into the left-half plane. The gain can then be chosen as desired to minimize the 
RMS wing mouon or to maximize damping. Fifty-six custom designs were generated for the various M and q condition state 
space models: M = 0.3, 0.5, 0.65, 0.75, 0.77, 0.82, and 0.9 at q values of 75, 100, 125, 150, 175, 200, 225, and 250 psf. As 
described in the example above, the slot-filter was designed for each condition, resulting in the same order numerator 
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Figure 4. BACT Wing Open-Loop Poles and Zeros 
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(3 zeros) and 'denominator '(4 poles) as the~ robust fixed-gain control TawT'THefefore the general form ofthe neural network" 
control law is given below: 



/ + b>r ■+ h r s + b, :: . 

A multi-layer perceptron (MLP) neural network 8 , shown in Figure 6, was trained with backpropagation to output the two 
numerator coefficients, the four denominator coefficients, and the overall gain as a function of M and q. The gain was chosen 
"to minimize the RMS wing motion as excited by the wind tunnel turbulence. The neural network was then able to schedule 
the control laws and achieve near optimal flutter suppression as the wind tunnel conditions were varied. The control law 
parameters in the continuous domain, rather than the discrete domain, were chosen to be the outputs of the neural network 
since they vary smoothly as a function of M and q and don't require the high numerical precision of discrete domain control 
law coefficients. Consequently, the neural network outputs were transformed into the discrete domain before being used by 
the digital controller. 
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Figure 5. Root Locus for Typical Open-Loop Flutter Condition (M=0.77, q=162 psf) 
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Figure 6. Neural Network Used for Control Law Scheduling 

3.2 Wind Tunnel Test Results 

Testing of the neural network-based semi-adaptive AFS system occurred in the NASA LaRC TDT on 1/31/95 and 2/1/95. 
This section describes the test conditions and summarizes the overall control performance results. 
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3.2.1 Test Conditions 



Four tests were conducted, in which q was varied from 140 psf to 190 psf along four constant total pressure lines (h-lines). 
These h-lines are presented graphically along with the open-loop flutter boundary in Figure 7. As shown in Figure 7, h-line 
#1 remained inside the open-loop flutter boundary. Subsequent h-lines progressed to include an increasing number of flutter 
condition points. For each h-line, data was collected for open-loop, fixed-gain non-adaptive closed-loop, and neural network 
semi-adaptive closed-loop conditions. The open-loop tests were terminated as soon as classical flutter was experienced. 




0.6 0.7 D>B 0.3 1 

Mach Number, M 

Figure 7. H-Line Mach Number and Dynamic Pressure Profiles 

3.2.2 Test Results 

Time history data was collected at all of the test points described above. While both the fixed-gain and neural network 
semi-adaptive controllers provided effective flutter stabilization, the neural network control was able to achieve lower RMS 
wing acceleration across the range of M and q conditions. This relative performance improvement is illustrated in Figure 8 
which plots the RMS wing acceleration versus dynamic pressure for the third h-line. Representative time history plots of the 
BACT wing's acceleration response are given in Figure 9 for both below flutter boundary (open-loop stable) and above flutter 
boundary (open-loop unstable) conditions. 




Dynamic Pressure (psf) 
Figure 8. BACT Wing RMS Acceleration versus Dynamic Pressure 
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(a) Open Loop, Below Flutter Boundary 
(M = 0.72, q = 140 psf; RMS = 0.032) 
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(c) Fixed-Gain Control, Below Flutter Boundary 
(M = 0.72, q = 141 psf; RMS = 0.023) 
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(b) Open Loop, Above Flutter Boundary 
(M = 0.78, q = 162 psf; RMS = 0.364) 
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(d) Fixed-Gain Control, Above Flutter Boundary 
(M = 0.78, q = 160 psf; RMS = 0.031) 
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(e) Neural Net Control, Below Flutter Boundary 
(M = 0.71 , q = 140 psf; RMS = 0.020) 



(f) Neural Net Control, Above Flutter Boundary 
(M = 0.77, q = 159 psf; RMS = 0.025) 



Figure 9. B ACT Wing Acceleration Response Time Histories 
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HJCIX'ABMEVE ACTWE FLUTTER STJFFRESSION' SYSTEM (PHASE ID' 



The completion of Phase I objectives provided the foundation necessary for achieving the Phase II goal of developing a 
fully adaptive active flutter suppression (AFS) system. Based on several years of experience in applying neural network 
based control to manufacturing 9 and active vibration suppression, it was decided to use a very general approach based on the 
Model Predictive Control (MPC) 10,11 architecture. Using a neural network for the plant model enables the approach to be 

"applied to a wide variety of complex, nonlinear systems due to the nonlinear modeling capability of neural networks. It also 
provides a direct method of control system adaptation by allowing the neural network model to be trained on-line. This 
architecture, which uses a neural network model within an MPC framework, is referred to as Neural Predictive Control 

"(NPC) 12 . Reference 12 provides a detailed description of the NPC architecture developed at MDA and its performance on a 
benchmark cantilevered beam vibration suppression problem. Similar control system architectures involving neural network- 
based MPC have been used successfully in the chemical processing industry as well. 13 

4.1 Control Architecture and Implementation 

A top level view of the NPC architecture is shown in Figure 10. As depicted in this figure, the NPC system uses a neural 
network to model the input/output dynamics of the plant to be controlled. This predictive plant model is then utilized in an 
on-line optimization scheme to select the optimal control values for each control cycle. The plant model can be pre-trained by 
•exciting the actuators, measuring the sensor response, and training the neural net model. This model can then be further 
updated on-line to cope with changing flight conditions and changing plant dynamics. In the Phase II wind tunnel test, this 
system will be tested in NASA's TDT on the BACT wing model. The main goal of this test is to demonstrate the applicability 
-of NPC for active flutter suppression and the ability of the NPC system to self-configure through on-line learning. 

The NPC architecture has been implemented for real time control in a Pentium 60MHz PC with a plug-in neural 
-accelerator board and analog input/output boards. The Pentium host CPU is responsible for all NPC computations and data 
transfer to the input/output and neural accelerator boards. The neural accelerator board performs the on-line model adaptation 
which occurs in parallel with the host CPU control loop computations. Real time adaptive single-input/single-output (SISO) 
control has been demonstrated at rates up to 500 Hz with this hardware. 



Accelerometer 




Figure 10. Neural Predictive Control (NPC) System Architecture 

4.2 Simulation Results 

The PC-based NPC system, running at a rate of 100 Hz, has been tested and verified in simulation using the state space 
models of the BACT wing provided by NASA. Successful adaptation and control has been demonstrated across the range of 
wind tunnel conditions. One representative simulation time history is illustrated in Figure 11 for an open loop unstable 
condition (M = 0.75, q = 175 psf). Starting with an untrained network, a white noise excitation signal is sent to the aileron for 
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tour seconds, providing 400 data points forneural network learning. The learning' then occurs during th^~h¥xt^Xsec6nds", 
allowing control to be activated at about 6.7 seconds. As shown in the figure, the wing vibration grows steadily until the 
controller is initiated for flutter suppression. Once the AFS system is activated, learning and control will occur 
simultaneously, allowing model updates to occur every 6.7 seconds. The length of this time interval is determined by the 
speed of the processors, the control cycle rate, and the amount of data needed for accurate plant modeling. Further analysis is 
being conducted to determine the optimum settings for the level of excitation, the amount of data needed for learning, and the 
performance index used by the NPC optimization loop. Additional analysis is focusing on evaluating the overall robustness 
of this adaptive control scheme. 
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On-Line Learning Control of BACT Wing (M = 0.75, q = 175 psf) 
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11. Simulation Results for NPC Fully Adaptive Active Flutter Suppression System 



5. CONCLUSIONS 



Under the ANCAR program, MDA and NASA have demonstrated the benefits of neural network technology for both 
semi-adaptive and fully adaptive active wing flutter suppression. During Phase I, a neural network was trained and 
implemented to provide a semi-adaptive control law. The usefulness of the neural network's ability to generalize/interpolate 
control laws as a function of wind tunnel parameters (M and q) was demonstrated. At the midway point of Phase n, a general 
and robust architecture for fully adaptive neural network-based control has been developed and is ready to be tested in the 
wind tunnel during 1996 on a simple wing model with conventional actuator control surfaces. 

This Neural Predictive Control (NPC) architecture will be scaled up for application to a smart structure wing model during 
Phase m of the program. Adaptive neural network-based control is considered to be an enabling technology for both 
lightweight flexible wing and reconfigurable control systems which will provide extended aircraft life, reduced acquisition 
costs, and reduced operation and support costs for future aerospace systems. 
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ABSTRACT 

This paper presents an overview of several activities of the Aeroelasticity Branch at the NASA Langley Research Center in 
the area of applying adaptive materials and integrated systems for controlling both aircraft aeroelastic response and airfoil 
shape. The experimental results of four programs are discussed: the Piezoelectric Aeroelastic Response Tailoring 
Investigation (PARTI); the Adaptive Neural Control of Aeroelastic Response (ANCAR) program; the Actively Controlled 
Response of Buffet Affected Tails (ACROBAT) program; and the Airfoil THUNDER Testing to Ascertain Characteristics 
(ATTACH) project. The PARTI program demonstrated active flutter control and significant reductions in aeroelastic 
response at dynamic pressures below flutter using piezoelectric actuators. The ANCAR program seeks to demonstrate the 
effectiveness of using neural networks to schedule flutter suppression control laws. The ACROBAT program studied the 
effectiveness of a number of candidate actuators, including a rudder and piezoelectric actuators, to alleviate vertical tail 
buffeting. In the ATTACH project, the feasibility of using Thin-Layer Composite-Unimorph Piezoelectric Driver and Sensor 
(THUNDER) wafers to control airfoil aerodynamic characteristics was investigated. Plans for future applications are also 
discussed. 

Keywords: piezoelectric actuators, active controls, flutter suppression, subcritical response tailoring, buffet load alleviation, 
neural networks, airfoil shaping 

Since the Wright brothers' first successful flight, designers have searched for ways to improve both the efficiency and 
performance of aircraft. Two key research areas that have arisen are controlling aircraft aeroelastic response and controlling 
airfoil shape. Historically, the use of passive techniques, such as increasing structural stiffness, mass balancing, or modifying 
geometry, has been the approach for preventing the onset of flutter, buffet, and other undesirable aeroelastic phenomena. The 
approach originally spawned by airfoil shaping research sought to achieve design-point airfoil camber control through the 
deflection of conventional wing control surfaces. Although these approaches have been effective, the passive solutions 
penalize aircraft designs by increasing both weight and cost while decreasing overall performance. However, utilization of 
existing control surfaces introduces no such additional penalties; thus, secondary applications for these devices have been 
sought. 

When fuel economy became a more important design driver in the early 1970's, aircraft designers expanded the airfoil 
shaping application of the control surfaces to improve the off-design performance of aircraft during the clean-wing phases of 
flight. 3 One technique called flap scheduling used predetermined flap deflections at specific flight conditions to produce 
more optimal aerodynamic shapes. 1 During the past twenty years, considerable research has also been devoted to developing 
active flutter suppression concepts that utilize conventional control surfaces. 4-7 And more recently, use of these surfaces has 
been studied for alleviating buffeting. 8 For these latter applications, active use of control surfaces eliminates most of the 
penalties associated with the passive techniques and provides flexibility since any method of control employed can be varied 
with configuration or flight condition. 

However, there are difficulties with using conventional control surfaces in such secondary applications. These include: 
(1) adequately addressing system redundancy, reliability, and maintainability, (2) avoiding compromising the control surface 
authority available to maneuver an aircraft, (3) obtaining adequate control effectiveness, and (4) not overshadowing 
performance improvements with increased complexity and structural weight. 2 Because of these concerns, alternatives to 
utilizing the aerodynamic control surfaces are being studied. The use of adaptive materials as control effectors is one such 
alternative. 

Building upon the rich history of the conventional control surface research efforts discussed above and more recent 
accomplishments in the application of adaptive materials are four programs in the Aeroelasticity Branch at the NASA Langley 
Research Center (LaRC) that are attempting to advance the state-of-the-art in controlling both aeroelastic response and airfoil 
shape. One of these programs is the Piezoelectric Aeroelastic Response Tailoring Investigation (PARTI) program. To date, 
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most applications of adaptive materials to wing flutter suppression have focused on the use of piezoelectric materials. Results 
available from this application focus primarily on analytical study, with a few reports documenting experimental work. 
Weisshaar provides a summary of these efforts and a considerable reference list in reference 9. The PARTI program sought to 
validate and extend the results from such previous wing flutter suppression studies by being the first to wind-tunnel test a 
relatively large, multi-degree-of-freedom aeroelastic testbed. 

The control of active flutter suppression systems is the focus of another research effort at NASA LaRC called the Adaptive 
Neural Control of Aeroelastic Response (ANCAR) program. At this time, numerous studies, like those discussed and 
referenced in reference 10, have been conducted on the use of neural networks; however, experiments applying this technology 
to the control of undesirable aeroelastic phenomena are limited. The ANCAR program seeks to experimentally demonstrate, 
for the first time ever, an adaptive neural-network-based flutter suppression system. 

The application of adaptive materials to buffeting alleviation research is relatively recent One of the first feasibility studies 
for this application was conducted by Heeg, et al. at NASA LaRC in a table-top wind tunnel. 11 Another study at NASA 
LaRC, called the Actively Controlled Response of Buffet Affected Tails (ACROBAT) program, extended this application in 
1995, seeking to demonstrate for the first time the effectiveness of using piezoelectric actuators in alleviating vertical tail 
buffeting at high angles of attack on a large-scale aircraft model. 

Airfoil shaping studies incorporating adaptive materials began in the mid-1980's. The first attempt at active aerodynamic 
shape control was conducted by Crawley, Warkentin, and Lazarus and involved the use of piezoelectric actuators to generate 
twist and camber on the surface of a plate. 12 More recent studies, primarily analytical, have focused on assessing the 
capability of the available adaptive materials to create significant skin deflections. Although promising results have been 
obtained, many researchers have concluded that most adaptive materials lack the strength and out-of-plane displacement 
capability needed for this application. 13-15 However, another research effort at NASA LaRC, called the Airfoil THUNDER 
Testing to Ascertain Characteristics (ATTACH) project, has recently initiated the investigation of a new adaptive material for 
this application. 

The purpose of this paper is to briefly present background information on piezoelectric adaptive materials and to highlight the 
progress, current status, and future plans of the four programs mentioned above: the Piezoelectric Aeroelastic Response 
Tailoring Investigation (PARTI), the Adaptive Neural Control of Aeroelastic Response (ANCAR) program, the Actively 
Controlled Response of Buffet Affected Tails (ACROBAT) program, and the Airfoil THUNDER Testing to Ascertain 
Characteristics (ATTACH) project. 

For the purposes of this paper, the following definitions will be utilized. "Adaptive materials" are materials that alter their 
shapes when exposed to an external stimulus. When actuators made of these materials are embedded within or affixed to a 
host structure and then stimulated to create forces on that structure, the result is an "active structure." An "adaptive 
structure," or equivalently a "smart structure," is then produced when an active structure is commanded by an adaptive 
control law, which may employ a neural network. 16 An "integrated system" is formed when a control effector (either an 
adaptive material or a control surface), host structure, sensor, and controller work together to achieve the same functional 
goal. 



2JJModiujmeJs 

The programs described herein utilized the two wind tunnels operated within the Aeroelasticity Branch: the Transonic 
Dynamics Tunnel (TDT), a very large and complex facility, and the Flutter Research and Experiment Device (FRED), a 
simple table-top device. The TOT, shown in Figure 1, is a 16-foot-by- 16-foot test section, closed-circuit, continuous flow 
wind tunnel capable of testing over a range of stagnation pressures from near zero to atmospheric and Mach numbers from near 
zero to 1.2, using either an air or heavy gas medium, and has the capability to reduce wind speed rapidly in the event of an 
instability. 17 Designed specifically for aeroelastic testing, the TDT has been used for decades to conduct numerous aircraft 
and rotorcraft aeroelastic and aeroservoelastic tests. The PARTI, ANCAR, and ACROBAT models were tested in the TDT. 
The ATTACH model was tested in the FRED wind tunnel, which is shown in Figure 2. FRED is a table-top, open-circuit 
tunnel with a 6-inch-by-6-inch fully removable acrylic glass test section. Powered by a 2-hp motor, the wind tunnel is 
capable of operating at a maximum velocity of 38.1 m/s (125 ft/s). A single honeycomb screen at the beginning of the 
contraction duct helps to smooth the flow before it reaches the test section. This tunnel was also used to test earlier 
aeroelastic applications of adaptive materials. 11,18 
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Piezoelectric materials, which develop a strain when subjected to an electric field and vice versa, are one of the most popular 
adaptive materials used today. Currently, these materials are divided into two groups, which differ by the direction that they 
are able to affect a host structure. The first group, commonly called strain actuators, exhibit an in-plane displacement 
capability. The second group is a new generation of actuators specifically designed to have an out-of-plane displacement 
capability. 

The conventional configuration for an in-plane displacement piezoelectric actuator consists of a single piezoelectric wafer 
sandwiched between two electrodes. The relationship between an applied electric field and the corresponding behavior of a 
piezoelectric actuator is well documented. 1618 ,9 Increased in-plane actuation can be obtained by several means, including 
grouping multiple wafers into multiple layers. An actuator possessing some out-of-plane displacement capability can also be 
created by stacking several of the in-plane piezoelectric wafers. 20 

Two of the new generation of piezoelectric actuators specifically designed to have an out-of-plane displacement capability are 
RAINBOW (Reduced And Internally Biased Oxide Wafer) 21 and THUNDER (Thin-Layer Composite-Unimorph 
Piezoelectric Drivff and Sensor). 22 Both devices have a monolithic structure and are pre-stressed during fabrication to set the 
direction of their displacement. RAINBOW, the first of these actuators to be developed, possesses 10 times the displacement 
capability of the in-plane actuators previously discussed. THUNDER, which was developed in house at NASA LaRC, 
exhibits an even larger displacement capability. 

2.3 A ctuator :jscl.^.fflimefliQdQtogy 

In general, the selection of an appropriate actuator for use with each program presented in this paper was based on four criteria: 
(1) bandwidth, (2) force, (3) displacement capability, and (4) ease of application. For flutter suppression and buffeting 
alleviation, bandwidth, force, and ease of application are the major criteria, and commercially available in-plane actuators 
suffice. However, for airfoil shaping, the driving criteria are force, displacement capability, and ease of application. Thus, 
out-of-plane displacement actuators, such as piezoelectric stacks, RAINBOW wafers, and THUNDER wafers, are typically 
used for this application. 

3. RE$MR£HF^m^ 
3.1 The Piezoelectric Aeroelastic Response Tailoring Investigation (PARTH program 

The Piezoelectric Aeroelastic Response Tailoring Investigation (PARTI) program was the first study in the area of aeroelastic 
control using adaptive materials to use a relatively large, multi-degree-of-freedom aeroelastic testbed. The PARTI program 
was a cooperative effort between the NASA Langley Research Center and the Massachusetts Institute of Technology. The 
objectives of this program were to demonstrate active control of aeroelastic response at subcritical speeds (conditions below 
the wing flutter speed) and wing flutter suppression using a large-scale aeroelastic wind-tunnel model with distributed 
piezoelectric actuators and to develop detailed experimental and analytical techniques. In this program, a wind-tunnel model 
was designed and fabricated, aeroservoelastic analyses were performed, and the model was ground and wind-tunnel tested in 
the TDT. As a result of this program, an extensive database of experimental information has been gathered that is 
instrumental in understanding the many issues associated with applying strain actuation technology to dynamic problems. 
The PARTI model was first tested in March 1994 to obtain basic flutter characteristics and transfer functions relating the 
model response to piezoelectric actuator input for various tunnel conditions. A closed-loop wind-tunnel test of the PARTI 
model was completed in November 1994. Preliminary results have been previously published regarding data collected 
during these tests. 23 Analysis and design of several control laws along with preliminary test data have also been 
published. 24 Further discussion of wind-tunnel testing results and a discussion of experimental methodologies can be found 
in reference 25. The current paper will present a brief description of the PARTI model and wind-tunnel testing. 

The model is a five-foot long, high aspect ratio semi-span wing designed to flutter at low speeds to simplify aerodynamic 
analyses and wind-tunnel testing. The model consists of two primary structures: an exterior fiberglass shell used to obtain 
aerodynamic lift and an interior composite plate that contains the piezoelectric actuators and acts as the main load carrying 
member. The fully assembled model mounted in the TDT is shown in Figure 3. Figure 4 shows the interior construction 
of the model. The interior plate is composed of an aluminum honeycomb core sandwiched by graphite epoxy face sheets. 
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The face sheets are of [-20°2/0°] laminate, referenced to the wing quarter-chord which is swept aft 30°. The unsymmetric, 
unbalanced composite lay-up provides a static bend/twist coupling. The model has two additional components: a trailing- 
edge aerodynamic control surface and a wing-tip flutter-stopper device. The flutter-stopper tip-mass assembly was constructed 
as a safety device for wind-tunnel testing. Piezoelectric actuators cover the inboard 60% of the span of the internal composite 
plate and account for 7.3% of the total wing weight. Fifteen groups of piezoelectric actuator patches are adhered to the top 
and bottom of the interior plate. The actuators are configured to impart differential bending moments to the plate; however, 
the ply orientation of the graphite epoxy and the wing sweep angle make it possible for piezoelectric actuation to affect both 
the bending and torsion natural modes of the model. The piezoelectric patches were only used for actuation; ten strain gages 
and four accelerometers were used as sensors. The complete design of the PARTI model is documented by Reich and 
Crawley. 26 

3.1.2 Wind-tunnel testing 

The PARTI model was ground tested and wind-tunnel tested during two entries in the TDT. Ground vibration tests were 
conducted to determine the dynamic characteristics of the model at zero-airspeed and to validate analytical models. 
Experimental flutter characteristics and open-loop time-history data at subcritical conditions were obtained during the first 
wind-tunnel test in March 1994. Time history data was acquired at several dynamic pressures by actuating each of the 
1 5 groups of piezoelectric actuators individually as well as in five sets of several actuator groups. The open-loop data were 
used to construct state-space models for control law design, to examine the linearity of piezoelectric actuation, and to verify 
analytical models and techniques. A time domain system identification method was used to generate the state-space models 
from the time histories obtained during wind-tunnel testing. Using system identification, all of the PARTI model dynamics 
were fully captured using a math model with 120 states; however, state-space models with as little as 40 states were used as 
well. The open-loop data were also used to examine the linearity of piezoelectric actuation. Despite the presence of 
nonlinearities, the results indicate that superposition can be used to combine the responses of individual piezoelectric actuator 
groups. Furthermore, preliminary results show that there is a linear increase in model response with a linear increase in 
piezoelectric command voltage. 

Twenty-eight control laws designed to increase flutter speed and reduce response at subcritical conditions were tested during 
the second wind-tunnel test. A variety of control law design techniques were used and both single-input/single-output 
(SISO) and multi-input/multi-output (MIMO) control laws were designed utilizing up to five inputs and nine outputs. The 
PARTI model can be represented by up to 15 control outputs (15 groups of piezoelectric actuators) and 14 control inputs 
(10 strain gages and 4 accelerometers). However, several piezoelectric actuator groups receiving the identical output signal 
were considered as one control output. The most successful flutter suppression control law was also effective in reducing 
response at subcritical speeds, demonstrating a 12% increase in flutter dynamic pressure and a 75% reduction in the power 
spectral density of peak response at subcritical speeds as shown in Figures 5 and 6. This was a SISO control law that used 
all 15 piezoelectric actuator groups. Another SISO control law that used strain gage 4 for feedback and piezoelectric actuator 
groups 3, 4, 6, 7, and 10 successfully increased flutter speed 8%. 

The PARTI program successfully demonstrated active flutter suppression and reduced response at subcritical speeds using 
piezoelectric actuation on a five-foot span wind-tunnel model. Through this program, a number of issues associated with 
applying piezoelectric actuation to aeroelastic problems have been addressed; however, there exist several issues that require 
further study, some of which are planned as follow-on studies to the present research. These include an examination of 
scaling laws, power consumption, increasing control effectiveness through optimal actuator and sensor selection and 
placement, and the analytical development of state-space models. 

3.2 Adaptive Neural Contr ol of Aeroelastic Response (ANCAR^ program 

An important aspect in the development of a smart structure or integrated system is the corresponding development of an 
adaptive controller. The Adaptive Neural Control of Aeroelastic Response (ANCAR) program is a cooperative effort between 
NASA LaRC and McDonnell Douglas Aerospace to develop and demonstrate an integrated flutter suppression system that 
uses an adaptive neural network controller. The ANCAR program is comprised of three phases. Phases I and II use the 
LaRC Benchmark Active Controls Testing (BACT) wind-tunnel model. The Phase I objectives were to develop and 
demonstrate a hybrid control system that incorporated conventional control algorithms and neural networks to suppress 
flutter. Wind-tunnel testing for this phase took place in January 1995. The Phase II objectives are to develop and 
demonstrate an adaptive neural-network-based flutter suppression system during a January 1996 wind-tunnel entry. Phase III 
objectives are to combine the neural adaptive control system with an active structure like the PARTI model. Currently, 
wind-tunnel testing for this phase is scheduled for 1998. This section of the paper will focus on the results of Phase I and the 
plans for Phase II. 
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The BACT model 27 was originally developed as part of the Benchmark Models Program (BMP). 28 The BMP was a NASA 
LaRC program that included a series of models which were used to study different aeroelastic phenomena and to validate 
aeroelastic, aeroservoelastic, and computational fluid dynamic methods in several wind-tunnel tests. Because the BACT 
model dynamics are well understood and it has control surfaces and relatively benign flutter mechanisms, it is an ideal 
testbed for initial testing of new control schemes, including neural-based systems. 

The BACT model is depicted in Figure 7. The model is a rigid, rectangular wing with a NACA 0012 airfoil section. It is 
equipped with a trailing-edge control surface and upper- and lower-surface spoilers, all independently controllable. The 
model, shown in the figure, is attached to a mount system called the pitch-and-plunge apparatus (PAPA) that allows both 
pitch and plunge degrees-of-freedom. The model is extensively instrumented with pressure transducers and accelerometers to 
measure surface pressures and model dynamic response, and the mount system is instrumented with strain gages to measure 
normal force and pitching moment. 



The schematic for the Phase I neural network control system is shown in Figure 8. This is a hybrid control system that uses 
a neural network to gain schedule conventional control law parameters with varying Mach number and dynamic pressure. 
Figure 8 shows how the system was implemented. The neural network was trained to use Mach number and dynamic 
pressure as input and provide the coefficients of the control law as output. After conversion from continuous to discrete time, 
the control laws could be downloaded and run on a real time digital controller. 

The neural network was trained by using fifty-six different state-space analytical models, each corresponding to a different 
combination of Mach number and dynamic pressure, which ranged from 0.3 to 0.9 and 75 psf to 250 psf, respectively. These 
models were used to generate fifty-six 3-zero and 4-pole, single-input/single-output control law designs, each optimized to 
achieve minimum RMS model response to tunnel turbulence. For each of the fifty-six control laws, there were 7 parameters 
that could be varied with Mach number and dynamic pressure, and a multi-layer perceptron neural network was trained with 
backpropagation to output these seven control law parameters as a function of Mach number and dynamic pressure. For 
comparison purposes, the same design strategy was used to generate a fixed-gain flutter suppression control law to provide 
the best possible performance over the whole flight envelope. 

In the TDT, testing is accomplished easily and conveniently by first choosing a tunnel stagnation pressure and then varying 
drive motor RPM, which simultaneously changes Mach number and dynamic pressure. During Phase I testing, four different 
stagnation pressures were chosen, resulting in wide-ranging combinations of Mach number and dynamic pressure within the 
training space. Data was acquired at each of the four constant stagnation pressure conditions for the open-loop system, for the 
closed-loop fixed-gain system, and for the closed-loop neural-network-scheduled system. The RMS of the trailing edge 
accelerometer response for one of the stagnation pressures is shown in Figure 9. For this pressure, open-loop flutter occurs at 
a dynamic pressure of 161 psf. Here, the neural-network-scheduled system has the lowest response. 

3^3 PhaseJI 

The goal of Phase II is to incorporate neural networks into adaptive flutter suppression systems. Unlike the Phase I 
controller, the Phase II neural systems will not use conventional control designs. Instead, they will adapt, on-line, to 
changing test conditions. A variety of adaptive neural-network-based systems will be tested during the January 1996 test. 
Several of the algorithms to be tested use a predictive control algorithm. Predictive control algorithms require generation of a 
math model for the system being controlled. Once the model is complete, the loop can be closed and a search or 
optimization algorithm can be used to select the control input commands that further minimize response over some time 
interval. In this application, a neural network is trained using experimental data acquired in the wind tunnel to create a 
neural model of the system that can be used to predict future responses to future control inputs. 29 A neural network 
realization of predictive control is shown in Figure 10. 

This experimental study is investigating the use of neural networks for adaptive control of flutter with the BACT wind-tunnel 
model. During Phase I testing, a hybrid control system using a neural network to gain schedule conventional control law 
parameters was implemented for the first time, demonstrating slightly better flutter suppression than a fixed-gain control 
system. Demonstration of an advanced neural network that can adapt to changing conditions is the goal for Phase II. 
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3.3 The Actively Controlled Response of Buffet Affected Tails' (ACROBAT) p rogram 



The goal of the Actively Controlled Response of Buffet Affected Tails (ACROBAT) program was to demonstrate the 
feasibility of using active control for alleviating buffeting caused by leading edge extension (LEX) vortex burst. This 
phenomenon is shown in Figure 11. For this program, an existing 1/6-scale rigid full-span model of the F/A-18 A/B aircraft 
was refurbished, and three new flexible and two new rigid vertical tails were fabricated. The model, shown in Figure 12, was 
tested during July 1995 and November 1995 with each of the new flexible tail surfaces at a Mach number of 0.09 in a test 
medium consisting of air at atmospheric pressure. The three flexible tails were fabricated from a 1/8-inch thick aluminum 
plate and covered with balsa wood to produce the desired airfoil shape. The three flexible vertical tails used: (1) a rudder 
surface; (2) a tip vane configured with a slotted cylinder, 3) an embedded slotted cylinder; or (4) piezoelectric actuation 
devices. For the vertical tail with piezoelectric actuation, a hatch cover was incorporated in the design to cover the plate- 
mounted piezoelectric devices while maintaining the proper airfoil shape. The piezoelectric actuator arrangement itself, 
shown in Figure 13, consisted of three root actuators, two tip actuators, and two central actuators per side. Each of the tip 
and central actuators was comprised of two stacks of two layers of piezoelectric wafers, while each root actuator utilized two 
stacks of four layers for added effectiveness. The response of each flexible vertical tail was measured using a root bending 
strain gage and two tip accelerometers. Pressure transducers were surface mounted on both sides of all tails, excluding the 
tail with piezoelectric actuation. 

During the open-loop entry in July 1995, transfer functions were acquired for the response of the vertical tail to rudder (and 
buffet) inputs, to piezoelectric actuator (and buffet) inputs, to tip vane (and buffet) inputs, and to embedded cylinder (and 
buffet) inputs. Surface pressure data was also acquired. Based on the open-loop data, the rudder and the piezoelectric 
actuators appeared the most effective candidates. In addition to these open-loop measurements, several preliminary control 
laws were tested using the rudder, where in each case, the control law was designed using classical control methods. Data for 
several of these preliminary rudder-based control laws reduced the RMS response in the first bending mode by as much as 
35%. This preliminary closed-loop result gave valuable insight into active buffeting alleviation for the November 1995 
closed-loop entry. During the November entry, sixteen control laws were tested for the rudder while six control laws were 
tested for the piezoelectric actuators. Each control law reduced the power spectral density of the first bending mode by as 
much as 60% using gains well below the actuators* physical limits. The results of one control law for the piezoelectric 
actuators are shown in Figure 14. Pressure measurements were acquired on both surfaces of the flexible and rigid vertical tails 
during numerous open-loop and closed-loop conditions at various angles of attack. 

The results of these wind-tunnel tests illustrate that buffeting alleviation of vertical tails can be accomplished using active 
control of the rudder or of piezoelectric actuators. A better understanding of control law design for active buffeting alleviation 
has been gained from this investigation. The pressure measurements offer insight into the flowfield around the tail during 
buffet 

3.3.2 Future plans 

Tests in the TDT to investigate potential adaptive control concepts for buffeting alleviation are planned for later this decade. 
In addition to wind-tunnel investigations, the United States Air Force (USAF) and NASA, through the auspices of The 
Technical Cooperative Program (TTCP), have initiated a collaborative buffeting alleviation study involving research 
organizations and industry from the United States, Australia, and Canada. The objective of this program is to ground test a 
full-scale F-18 vertical tail that incorporates a buffeting alleviation system employing piezoelectric actuators. The ground 
tests are expected to be performed in Australia at the Aeronautical and Maritime Research Laboratory in Melbourne. Plans 
are to pursue a flight test demonstration of the concept at NASA Dryden Flight Research Center in 1999 if the ground test 
program proves successful. 

lAAirfolLT^ Characteristics (ATTACH) project 

The Airfoil THUNDER Testing to Ascertain Characteristics (ATTACH) project was a feasibility study that focused on 
identifying (1) the material characteristics, such as creep, hysteresis, and fatigue, and (2) the airfoil shaping effectiveness of the 
new THUNDER piezoelectric technology under aerodynamic loading. Characterization of the material behavior of 
THUNDER was the objective for Phase I, while Phase II examined its ability to reduce drag over an airfoil. The following 
sections present both the approach and preliminary findings of both phases of testing. 
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The testbed used for both phases of testing in the ATTACH project was the 0.25-inch thick, 1.5-inch wide, 5-inch long, 
generic, roughly-symmetric airfoil shown in Figure 15. This airfoil was supported by two 0.25-inch thick, 10-inch long 
sidewalls that extended through 85% of the length of the test section, creating a nearly two-dimensional flow condition. A 
single 1 .5-inch wide, 2.5-inch long rectangular wafer of THUNDER was placed near the leading edge of the airfoil to act as 
the first half of the upper surface. To smooth the airfoil/wafer interface, a sheet of thin fiberglass material was wrapped over 
the upper surface of the airfoil/wafer combination and held in place by a flexible latex membrane. A photograph of the 
installed model is shown in Figure 16. 

3.4.1 Phage I testing 

The initial series of tests conducted during the ATTACH project were performed to identity the creep, hysteresis, and fatigue 
characteristics of a THUNDER wafer under aerodynamic loading. For this experiment, a total of 60 conditions were tested, 
consisting of combinations of the following parameters: five angles of attack (-2°, 0°, +2°, +4°, +6°), four steady-state input 
voltages (- 1 02 V, + 1 02 V, - 1 70 V, + 1 70 V), and three tunnel velocities (wind-off, 20 m/s, 35 m/s). 

The data obtained during this experiment conclusively identified the presence of both creep and hysteresis of the wafer under 
wind-on (loaded) and wind-off (unloaded) conditions. An example of wafer displacement in response to five cycles of applied 
voltage is shown in Figure 17. The test conditions were wind-off with the model at zero degrees angle of attack. In the 
figure, creep is characterized by the increasing positive (up) and negative (down) displacements exhibited by the wafer while 
under the constant applied voltages of ±102 V, respectively. Hysteresis appears as the repeatable symmetric "loops," which 
in this case are offset slightly due to creep. Figure 18 provides a comparison of the wafer displacement responses for the 
wind-off and 20 m/s conditions, again at zero degrees angle of attack. Creep and hysteresis are still apparent for the wind-on 
condition, but the presence of the flow contributes to smaller positive displacements (compared to wind-off) for the same 
applied voltage. Wafer displacements are smaller at lower tunnel velocities (not shown) and higher at higher angles of attack 
(also not shown). 

During this phase of testing, the health of the wafer was frequently checked to gain a preliminary understanding of material 
fatigue. After two weeks of testing, the performance of the wafer began to noticeably degrade. During subsequent 
examination, no visible flaws were found, but a 33% drop in capacitance was discovered, and repoling returned the wafer to 
its full capabilities. Thus, similar to other piezoelectric adaptive materials, the performance of THUNDER appears to be a 
function of capacitance. 

3.4.2 Phase II testing 

With the objective of determining the ability of the THUNDER wafer to reduce drag over the airfoil, tests were conducted at 
the 40 wind-on conditions described above. For purposes of this feasibility study, it was assumed that variations in drag 
were directly proportional to velocity changes in the wake of the model. Comparisons of wake velocity for different test 
conditions, therefore, provided qualitative indications of the drag reducing potential of this piezoelectric actuator for this 
subscale model. Velocity measurements were taken by traversing a hot film anemometer velocity probe in 0.125-inch 
increments through the center of the test section sufficiently aft of the airfoil trailing edge to allow the wake to return to tunnel 
static pressure. 

Results from this phase of testing were consistent with the results from Phase I. Velocity and angle of attack had the 
anticipated effect on drag. Positive applied voltages, which expanded the upper surface of the airfoil up to meet the flow, had 
the effect of reducing drag. Negative applied voltages produced the opposite effect. These results were obtained using only 
32% of the maximum unloaded capability of the wafer. Thus, greater drag reductions would be expected if that percentage is 
increased. 

The results of this research effort indicate that the new THUNDER actuator technology is a promising candidate for future 
airfoil shaping investigations. Despite decreases in the displacements of the wafer due to aerodynamic loading, noticeable 
drag reductions were obtained. 

4, CONCLUDING REMARKS 

This paper has presented brief descriptions of four innovative in-house research programs from the Aeroelasticity Branch at the 
NASA Langley Research Center. In these programs, adaptive materials and integrated systems are used for either active 
aeroelastic control or passive aerodynamic shape control. Active wing flutter suppression and reduction in wing response at 
speeds below flutter were demonstrated in the PARTI program using piezoelectric actuators. Demonstration of an integrated 
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flutter suppression system using adaptive neural network control is being studied through the ANCAR program. The 
ACROBAT program demonstrated reduced buffeting of the vertical tails of an F- 18 scale model using piezoelectric actuators 
and an active rudder. And the airfoil shaping potential of a new piezoelectric actuator technology called THUNDER was 
demonstrated in the ATTACH project. 
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Figure 1. The NASA Langley Transonic Dynamics Figure 3. Photograph of the PARTI wind-tunnel model 

Tunnel (TDT). mounted in the TDT. 




• Airfoil supported by two vertical endplate inserts 

• Tunnel limits: Velocity - 38.1 m/s (125 ft/s) 



Figure 2. The Flutter Research and Experiment Device (FRED) 
wind tunnel. 
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Figure 4. Drawing of the major components on the PARTI wind-tunnel model. 
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Figure 5. Results of subcritical response tailoring: 
Power spectral density functions. 
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Figure 6. Comparison of natural frequency migration 
for open-loop and closed-loop systems. 
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Figure 7. BACT wind-tunnel model. 



Figure 10. Neural network realization of predictive control. 




Figure 8. Neural-network-scheduled flutter suppression 
system. 




Figure 1 1. Flow visualization of LEX core breakdown. 




Figure 12. 1/6-scaIe F/A-18 A/B model installed in the 
TDT. 
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Figure 16. Photograph of the ATTACH model in FRED. 



Figure 13. Piezoelectric actuator configuration. 
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Figure 14. Buffeting alleviation results second entry 
(November 1995): first bending mode. 
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Figure 17. Typical wafer displacement pattern in response 
to five cycles of applied voltage (+/- 102 V). 
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Figure 15. ATTACH testbed. 
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Figure 18. Changes in wafer displacement due to 
aerodynamic loading. 
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Neural Predictive Control for Active Buffet Alleviation 
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The Boeing Company 
St. Louis, Missouri 

ABSTRACT 

The Adaptive Neural Control of Afir p^st ic Response (ANCAR) and the Affordable Loads and Dynamics Independent 
Research and Development (IRAD) programs at the Boeing Company jointly examined using n^rjljjeiMirJU? actiye^ 
control technology for alleviating undesirable vibration and aeroelastic response in a scale model aircraft vertical tail. The 
potential benefits of adaptive control includes reducing aeroelastic response associated with buffet and atmospheric 
turbulence, increasing flutter margins, and reducing response associated with nonlinear phenomenon like limit cycle 
oscillations. By reducing vibration levels and thus loads, aircraft structures can have lower acquisition cost, reduced 
maintenance, and extended lifetimes. 

Wind tunnel tests were undertaken on a rigid 15% scale aircraft in Boeing's mini-speed wind tunnel, which is used for testing 
at very low air speeds up to 80 mph. The model included a dynamically scaled flexible tail consisting of an aluminum spar 
with balsa wood cross sections with a hydraulically powered rudder. Neural Predictive Control (NPC) was used to actuate the 
vertical tail rudder in response to strain gauge feedback to alleviate buffeting effects. First mode RMS strain reduction of 
50% was achieved. 

The Neural Predictive Control system was developed and implemented by the Boeing Company to provide an intelligent, 
adaptive control architecture for smart structures applications with automated synthesis, self-optimization, real-time 
adaptation, nonlinear control, and fault tolerance capabilities. It is designed to solve complex control problems though a 
process of automated synthesis, eliminating costly control design and surpassing it in many instances by accounting for real 
world non-linearities. 

Keywords: Neural Networks, Active Vibration Control, Buffet Load Alleviation, Smart Structures, Aeroservoelasticity 

1.0 INTRODUCTION 

The Boeing Company examined using neural network based active control technology for alleviating undesirable vibration 
and aeroelastic response in a scale model aircraft vertical tail. Adaptive control can reduce aeroelastic response associated 
with buffet and atmospheric turbulence, it can increase flutter margins, and it may be able to reduce response associated with 
nonlinear phenomenon like limit cycle oscillations. By reducing vibration levels and loads, aircraft structures can have lower 
acquisition cost, reduced maintenance, and extended lifetimes. The focus of this current program is to demonstrate the use of 
an active rudder using Neural Predictive Control (NPC) to reduce buffet response. This report documents a wind tunnel 
experiment using a 15% aerodynamics model with a flexible vertical tail. The vertical tail was designed with a movable 
rudder that was controlled using an imbedded hydraulic actuator. The model was installed on a strut that was controlled to 
pitch the model up to 7 deg/sec for a range of angle of attack up to 45°. 



2.0 BACKGROUND 

Buffet is defined as random loadings which arise from pressure fluctuations. Early investigations of buffet date back as far as 
1931, when it was determined that buffeting due to an up-draft and sudden increase in angle of attack, was the source of 
destruction of a Junkers F13 at Moephan, England on July 21, 1930 1 . As time passed, aircraft flew faster and between 1940 
and 1960 many studies were performed on wing buffet; such as, the Bristol Bagshot Type 95 2 . After 1968, emphasis was 
placed on maneuverability, agility and high angle of attack flight, all of which exposed the empennage to random 
aerodynamic loadings. 



SPIE Vol. 3326 • 0277-786X/98/510.00 



In recent times, modern combat aircraft have become faster, more agile, and are demanded to fly in conditions of separated 
flow. Under these demanding flight environments, the aircraft is often subjected to severe buffet which can drastically reduce 
the fatigue life of the aircraft structure and increase structural design requirements, cost, and weight. 

Various methods for alleviating buffeting have been explored. Perhaps the most common one is strengthening the structure 
which can increase the fatigue life of the structure but increases weight and is very likely to chase the fatigue failures to un- 
strengthened adjacent structures. Other techniques attempted to control the vortex 3 . These attempts either have undesirable 
side effects such as added weight or are not effective enough. 

Other groups have performed research on using active control to alleviate buffet. The first thought of using an actively 
controlled rudder to reduce the strain at the root of a tail caused by aerodynamic loads was Ashely 5 in 1992. The actual first 
attempt was successfully demonstrated by Moses 4 in 1995. Tests were performed on a 1/6 scale Ft 18 wind tunnel model in 
NASA's Transonic Dynamics Tunnel. In that test, the starboard vertical tail was equipped with an active rudder and the port 
vertical tail was equipped with piezoelectric actuators. Root Mean Square (RMS) values of root strain were reduced by as 
much as 19% using the piezo actuators. Results using the rudder reduced strains in once instance by 18% 6 . 

In 1993, Boeing (formerly McDonnell Douglas Aerospace) began looking for an adaptive control architecture for smart 
structures applications with automated synthesis, self-optimization, real-time adaptation, nonlinear control, and fault tolerance 
capabilities. The nonlinear and adaptability requirements immediately suggested the use of neural network technology. After 
examining forward-inverse control which showed promise in simulation, it was eventually dropped due to its low tolerance to 
noise when creating the neural network based model. 

A more suitable paradigm was based on a model predictive control framework 7 . These types of controllers generally use state 
space representations as the model 8 . The development work performed at Boeing was based on how to integrate a neural 
network model into this framework to replace the more ordinary linear state space model. Using the neural network as the 
plant model enables the model based predictive control approach to be applied to a wide variety of complex, nonlinear 
systems due to the nonlinear modeling capability of neural networks. It also provides a direct method of control system 
adaptation by allowing the neural network model to be trained on-line. This architecture, which uses a neural network model 
within an MPC framework, is hence referred to as Neural Predictive Control (NPC). A description of the NPC architecture 
developed at Boeing (formerly MDA) and its performance on a benchmark cantilevered beam vibration suppression problem 
is given by Pado and Damle 9 (1996). Results of applying the NPC system for active flutter suppression is given by 
Lichtenwalner et al 10 (1996). NASA is currently working on a similar approach called Neural Generalized Predictive Control 
(NGPC) for nonlinear control applications 11 . Other control system architectures involving neural network-based MPC have 
been used successfully in the chemical processing industry as well 12 (Draeger, et al., 1995). These types of process based 
controllers are far too inefficient to be used in real time vibration control systems. 

The focus of this current program is to demonstrate active buffet suppression on a vertical tail with an active rudder using 
NPC. This method has the advantages of both being effective and adding little additional mass. The paper briefly documents 
a wind tunnel test and the successful results. 

3.0 PHYSICAL TEST SETUP 

The wind tunnel test was performed on a 15% scale model aircraft. Testing was done in the Boeing St. Louis Mini-Speed 
Wind Tunnel test Facility. The mini-speed wind tunnel is used for testing at very low wind speeds up to 80mph in an open jet 
test section 15 feet high by 20 feet wide by 20 feet long. The model was configured with a dynamically scaled flexible vertical 
tail, mounted on the left-hand side of the model. All other parts on the model were "rigid". Instrumentation was installed on 
the flexible vertical tail to monitor internal dynamic loads and accelerations due to vortex impingement. 

The flexible tail is a flutter model design with an aluminum spar and balsa wood cross sections, as depicted in Figure 1 and 
Figure 2. The balsa wood sections are non-structural and give the tail its aerodynamic shape. A hydraulic actuator is 
incorporated into the tail to move the rudder during the controlled runs. The flexible vertical tail is instrumented with both 
strain gauges and accelerometers placed to be sensitive to strain and acceleration both inboard and outboard of the tail. These 
sensors were used for quantifying the bending and torsion moments and for providing real-time feedback to the active control 



system. The aciuaior was designed and built to specifications in the Boeing wind tunnel fabrication facilities. The pump and 
servo-value were connected to the model through tubing above the wind tunnel setup. 




Figure 2. Skematic of Flex Tail with Active Rudder 



4.0 ENVIRONMENT AND MODEL CHARACTERISTICS 



Buffet causes structural fatigue leading to costly ^ejairs. A rule of thumb is that a 10% decrease in RMS vibration leads to a 
doubling of fatigue life. The magnitude of buffeting encountered is a function of dynamic pressure (Q) and Angle of Attack 
(AOA) as shown in Figure 3. Based on the information in Figure 3, selected Qs between 3.5 and 10 and AOAs between 28 
and 38 degrees were used as the flight conditions to examine the utility of using Neural Predictive Control for buffet 
alleviation. When these conditions are scaled up to full size, over 80% of the damage takes place in these regimes. 

0.035- ™ - 




Angle of Attack 
Figure 3 - Dynamic pressure effects on open loop root bending RMS 



There were two modes of interest in this test - first mode bending response at 16.4Hz and a torsion mode response at 38.3 Hz 
as shown in Figure 4. 




Figure 4 - Commanded rudder to strain transfer function as measured by a strain sensor located at the inboard base 

An important goal of the test was to control the torsion mode of the tail as well as the bending mode. As can be seen in 
Figure 5, authority as measured by the Rotational Variable Displacement Transducer (RVDT), was sharply curtailed 



beginning at about 35Hz. Although mode 2 authority was reduced by a factor of four, it was felt that there was still enough 
bandwidth to attempt control of the torsion mode. 




10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 

Frequency (Hz) 

Figure 5 - Commanded signal to rudder response transfer function as measured using a RVDT 



5.0 CONTROL SYSTEM GOALS AND SETUP 

As one of the primary objectives for this test, Neural Predictive Control (NPC) was used to control the hydraulic actuator to 
actively position the rudder to reduce buffet as shown in Figure 6. A 133Mhz Pentium based PC was used to provide the 
processing power for the NPC digital controller running at 400Hz as well as real time data logging and graphical plotting. 
The PC was also equipped with a plug-in Share board containing 8 RISC processors useful for modeling the plant in real time. 
Analog-to-Digital and Digital-to- Analog boards working at ± 10 volts mounted within the PC were used for data I/O. 

The test plan called for controlling only the first bending mode, then controlling only the second mode (torsion), and finally 
controlling both together. Root bending strain was used and the control input for the bending mode. The inboard torsion 
strain gauge was used for second mode control. Test time ran out before dual mode control was attempted. 

Another issue to be looked at was controller performance as a function of maximum allowed deflection. It is important that 
buffet reduction not interfere with flight performance. Controller performance at ± 8 degrees and ± 14 degrees maximum 
rudder defection was examined. 

The neural controller was trained at one specific static AOA for each band of interest. This NPC model was also used to 
control the rudder during transient maneuver testing . In future developments, the neural controller will be able to adapt from 
one flight conditions to the next based on historical knowledge. The neural controller will train on the response during each 
condition and use Mach No., dynamics pressure, AOA, and pitch rate as additional state variables. 



SI 



: NPC Algorithm 



Figure 6 - Neural Predictive Control Buffet Load Alleviation System 



6.0 THE NEURAL NETWORK MODEL 

A key component of NPC is a neural network model of the system to be controlled. A neural network can be defined as a 
massively parallel, highly interconnected collection of simple processing units that receives inputs (sensor output and input 
history), passes them through its network of weights and nonlinearities, and transforms them into outputs (future state 
predictions). This technology is useful for linear and non-linear data modeling, and is especially adept at handling complex, 
noisy data. These models can be created with much less effort than first principle models and can capture real world effects. 
Figure 7 shows a typical architecture for capturing plant dynamics. Both past states and past controls applied at discrete 
instances of time are used along with the candidate future control to predict the future state of the system 13 . 

The neural network that was used for modeling the plant is known as a Multi-Layer-Perceptron (MLP) trained with 
backpropagation 14 . This type of neural network is a universal approximator, able to learn any function to any degree of 
accuracy. It has the advantage of being the most compact of all neural network architectures, as well as providing excellent 
generalization. The major disadvantages of this type of network involves its longer than average training times and the fact 
that the number of nodes in each layer and the number of layers must be determined either by an experienced modeler or by 
trial and error. For linear systems, a linear version of the network may be used by employing only the input and output layers 
of the network and making the output transfer function linear. 

In many plants, it is desirable and possible to generate modeling data under disturbance or nearly disturbance free conditions. 
This is normally the case for plants which rely on PZT actuators 9 , or any other operationally independent actuator. In this 
particular case the control surface of the rudder used aerodynamic forces to oppose aerodynamic forces. Due to this, the 
model to be used for control had to be created under very noisy conditions, in some cases the signal to noise ratio could be as 
low as l-to-10. To complicate matters, the amount of authority available due to aerodynamic forces is a nonlinear function of 



Q and AOA as is implied by Figure 3. It was postulated that a suitable model for control could be developed at each Q given 
that data was collected at a low enough angle of attack to limit the amount of noise due to buffet. 



To model the rudder-to-strain transfer function, the scale aircraft was positioned to an angle of attack of 7 degrees, where 
buffeting is almost nonexistent. The plant is modeled by driving the hydraulic actuator with uniformly distributed random 
excitation at the bandwidth of the anticipated control rate of 200Hz (a sample rate of 400Hz). Feedback from the strain 
sensor is digitized and fed into the inputs of the neural network and passed through a digital tapped-delay-line for m past time 
steps. A similar process is used for feeding the current and past controls into the network inputs. The output from the 
network is compared to actual sensor output and any difference between the two is backpropagated through the network to 
modify its learning parameters (weights). 




V 1 (Future State) 



Figure 7 - A Neural Network Plant Model 



7.0 PREDICTIVE CONTROL IMPLEMENTATION 

After a neural network model of the plant has been trained, it is then ready to be used within the predictive control framework. 
Figure 6 diagrams the basic algorithm. Current state information is fed into the neural network as well as the first proposed 
control input. The D/A board has possible output voltages ranging between ± 10 volts and the first proposed control input 
may be chosen as any value in that range. In the Multi-Step Horizon Look Ahead block, the effect of this input is projected n 
steps into the future. The value of n is approximately determined both by the modes of the plant and the control rate, and is 
then empirically perturbed. The n steps into the future is known as the horizon and normally ranges between 1 and 20 time 
steps. 

The horizon is then passed to the Performance Index block. As shown in Figure 6, the performance index is a cost function 
comprised of: the future predictions of the neural network model, its derivatives, and the proposed control signal magnitude. 
Each of these parameters can be weighted to form a cost performance index tailored to a particular system 9 . 

Finally, the cost is passed from the Performance Index block to the Search Strategy block. In most conventional linear 
predictive control schemes, an entire series of optimal future controls can be solved for analytically and only the most recent 
one is used. This approach is known as using a receding horizon and is powerful for linear systems but is limited by its 
inability to work on nonlinear systems. For a controller to be broadly applicable, no assumptions can be made about the 
nonlinear aspects of a plant. For predictive control to achieve this goal an exhaustive search strategy can be employed. In this 
approach, a comprehensive set of possible control inputs (a control horizon) is presented to the neural network model and out 
of the lowest cost horizon the first input of the horizon is selected. The advantage of this method is that the search is 
guaranteed to work on any system, regardless of complexity. The disadvantage of an exhaustive search lies in its long 
computation time, it is actually computationally impossible to select independent future controls with a modest horizon due 
to combinatorial explosion. The simplifying assumption which makes exhaustive searching possible and in no way relies on 
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any plant information is that all future inputs remain at the same value. This assumption approaches truth when the ratio of 
control rate to modal frequency is very high. One additional technique which reduces generality but dramatically decreases 
search time is incorporating plant information into the search strategy. Assuming near linearity for example, can reduce the 
amount of model evaluations to less than five. 

8.0 PERFORMANCE AND TEST RESULTS 

As discussed in section 5.0 above, the bending mode <mode 1) was the first to be controlled. Because dynamic fatigue life is 
determined chiefly by root-mean-square (RMS) vibration levels, control success was measured by examining percent 
reduction in RMS vibration levels at a particular flight condition as compared to open loop. Band 1 is defined as the RMS 
vibration level occurring between 10 and 20 Hz. This band was chosen to single out mode I effects and was set wide enough 
to capture any frequency shifts caused by the controller and different flight conditions. Figure 8 shows the performance of the 
NPC controller on RMS root bending strain against open loop results. These curves are based on average value across the Q 
spectrum on all runs. Table 1 and Table 2 show values of RMS vibration reduction at discrete values of AOA and Q for the 
two levels of rudder authority. While looking at the data represented in these tables and charts, the following rule of thumb 
should be kept in mind. A 10% reduction in RMS vibration corresponds to a doubling in the fatigue life of a structure. For 
band 1 reductions with full 14 degree rudder authority, NPC/rudder vibration control shows averages of close to 40% and 
individual instances of over 50%. This level of performance is very substantial. Figure 9 is a PSD showing band 1 response 
reduction using NPC. Note that in this plot the NPC controller was trained only to work on band 1 . 




Angle of Attack 

Figure 6 - NPC Reduction in RMS root bending moment with hard limits on rudder deflection 
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Table 1 - Band 1 RMS vibration reduction at measured Q/AOA conditions with an 8 hard rudder limit 
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Table 2 - Band 1 RMS vibration reduction at measured Q/AOA conditions with an 14 hard rudder limit 
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Figure 9 - PSD showing Band 1 response reduction using NPC 

Band 2 is defined as the RMS vibration level occurring between 30 and 40 Hz. This is principally a torsion mode strongly 
coupled to a bending mode and can be measured with an outboard bending strain gauge. This band was chosen to single out 
mode 2 effects and was chosen wide enough to capture any frequency shifts caused by the controller. Table 3 shows 
performance of 20% to 37% achieved by the NPC controller on RMS outboard bending strain as a reduction in RMS 
vibration percentage. This table shows values of RMS vibration reduction at discrete values of AOA and Q. Very few cases 
were run at this extreme condition due to possible severe damage occurring to the tail while open loop measurements were 
being made. 
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Table 3 - Band 2 RMS vibration reduction at measured Q/AOA conditions with an 14 hard rudder limit 



9.0 ISSUES AND FUTURE WORK 



There are issues that need be examined for both rudder based vibration reduction and on the NPC system. Work on 
improving NPC is currently progressing on two issues. The first is determining the correct cost function. Currently these 
parameters must be chosen by trial and error with the engineer choosing the parameters, observing the effect on the plant, and 
trying new parameters. Not only is this a tedious process, but the selected parameters have no guarantee of being optimally 
chosen. Even considering this fact however, it is far faster to produce a working NPC control system than to design a more 
conventional controller. Some progress has been made in this area and will be featured in future papers. The second issue is 
expanding NPC from a single input/single output system (SISO) to a multiple input/multiple output (MIMO) system. 
Although it appears to be difficult to handle very many input/outputs, as many as four input/ four output systems appear to be 
feasible. 

One important rudder based control issue is to examine the effect of using the rudder for vibration suppression concurrently 
with using it for flight control. Future efforts will focus on MIMO control, other actuator options such as PZT, and 
affordability and cost issues. These issues will need to be addressed in future work. 

10.0 CONCLUSIONS 

The use of NPC based active control along with an active rudder appears to be a very powerful way of alleviating the effects 
of the buffeting environment on structural fatigue. Considering that a 10% reduction in RMS vibration corresponds to a 
doubling in the fatigue life of a structure, this scheme appears to provide breakthrough performance on extending the life and 
the maintenance cost of current and future aircraft. 
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